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Carbon balance and greenhouse
gas emissions from horticultural
plants grown in peat-based
growing media
Bidhya Sharma*, Tim R. Moore and Nigel T. Roulet*

Department of Geography, McGill University, Montreal, QC, Canada
Peat-based growing substrates are commonly used in specialty crop production.

The decomposition rates of peat and the respiration dynamics of plants grown in

peat mixtures are poorly understood. We grew lettuce (Lactuca sativa) and

petunia (Petunia sp.), representing food and ornamental plant growth, in peat-

based media and measured the exchange of carbon dioxide (CO2), nitrous oxide

(N2O), and methane (CH4) over 3 to 4 months. We used radiocarbon isotopes to

partition ecosystem respiration (ER) into autotrophic respiration (AR) and

heterotrophic respiration (HR) and estimated the priming effect of roots to

enhance peat HR. Average (± standard deviation) N2O emissions were 2.69 ±

3.47 mg m−2 day−1, while CH4 emissions were variable and small. HR measured

from peat alone was on average 0.28 ± 0.15 g CO2-C m−2 day−1. Average net

ecosystem exchange (NEE) and ER measurements for pots containing lettuce

were −1.17 and 2.09 g CO2-C m−2 day−1, respectively, and NEE and ER for pots

containing petunia were −0.62 and 2.96 g CO2-C m−2 day−1, respectively.

Without considering the priming effect, HR contributed 9% and 13% to the

total ER in lettuce and petunia, respectively. Radiocarbon partitioning of ER

revealed that HR contributes 10% and 18% for lettuce and petunia, showing a

statistically significant positive priming (p = 0.007) effect in petunia but not in

lettuce. Our measurements provide a basis for the reporting of GHG emissions

from horticultural plants grown in peat-based growing media.
KEYWORDS

growing media, peat decomposition, horticulture, GHG emissions, respiration
1 Introduction

Peat is used as a growing media for food and ornamental plant production, which is

expected to increase by fourfold in the future (Blok et al., 2021). While the extraction of

peat contributes to greenhouse gas emissions (Clark et al., 2023; He et al., 2023),

containerized peat-based growing media also emit CO2 gas, losing approximately 5%

carbon (C) per year (Sharma et al., 2024). This loss can be incorporated into national
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greenhouse gas inventories (Sharma et al., 2025). However, it

remains unknown if peat substrates decompose at the same rate

when plants are grown in them.

Accumulation of peat in northern peatlands occurs over

millennia under low-temperature and water-logged conditions

(Frolking and Roulet, 2007). When peat is extracted and used in

warm, aerobic environments in horticulture, decomposition is

faster, releasing more CO2 into the atmosphere. Extracted peat in

Canada is used almost exclusively in horticulture as substrate for

growing plants (Cleary et al., 2005), mostly in controlled

environment agriculture (CEA), in greenhouses, and by the

ornamental plant industry, which includes floriculture, fruits and

vegetable production, mushroom cultivation, cannabis production,

shrubs and trees including seedlings for reforestation, and home

gardening (Alvarez et al., 2018).

Technological advances in growing food products in controlled

environments, where the growth environment is isolated from

fluctuating weather conditions, mean that the demand for

cultivation in CEA is rising and, with it, the demand for

horticultural peat (Blok et al., 2021; Schmilewski, 2008). On

average, 0.6 Mt C year−1 is removed from Canadian peatlands for

horticultural use (Environment & Climate Change Canada, 2023),

and the extraction amount is following an increasing trend (Sharma

et al., 2025). In 2022, CEA, mushroom, and specialized greenhouse

flower and plant producers were the dominant users of peat as a

growing media, covering an area of 32 km2 with a Canadian farm

gate value of over $2.5 × 109 CAD (Agriculture And Agri-Food

Canada, 2023a, 2023). Significant research exists on the C footprint

and mitigation strategies on conventional agriculture in mineral

and increasingly in peat soils (Taft et al., 2017; Säurich et al., 2019;

Ma et al., 2021; Menegat et al., 2022), and the numbers are included

in most of the national inventories. In contrast, research on

greenhouse gas (GHG) emissions from CEA is not widely

available, and in Canada, except for emissions from limestones

and fertilizers, the emissions from the horticulture sector in general

are not included in national GHG reporting (Environment &

Climate Change Canada, 2023). Measurements of GHG

exchanges in horticultural plant cultivation are few and do not

separate the respiration components into plant-derived and soil-

derived (Marble et al., 2011; Murphy et al., 2021). Emission factors

(EFs) for organic agricultural soil, natural or disturbed peatlands, or

mineral soils are not likely to reflect emissions from the

horticultural use of peat owing to differences in the depth of peat

used, nutrient conditions, and management practices. As Canada

moves to net-zero targets by 2050 (Environment & Climate Change

Canada, 2023), there is a need to develop accurate and

representative EFs for the horticultural sector.

When peat C is used in horticulture, it is exposed to aerobic

decomposition and released back to the atmosphere as CO2 through

heterotrophic respiration (HR). When a plant is grown in peat-

based media, the net CO2 exchange (net ecosystem exchange, NEE)

in full light is the difference between the sum of autotrophic

respiration (AR) by plants and HR by soil and the uptake of CO2
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by plants. Carbon dioxide uptake by plants, which happens as a

result of photosynthesis, is called gross primary productivity (GPP).

During dark conditions, GPP ceases, and ecosystem respiration (ER

= AR + HR) is the dominant exchange and can be directly measured

under dark conditions. However, in horticultural peat with added

limestone or dolomite to buffer acidity, the apparent HR from soil

includes limestone-derived CO2 (Kunhikrishnan et al., 2016; Biasi

et al., 2008; Sharma et al., 2024). d13C tracers can be used to separate

isotopically depleted biotic emissions from enriched limestone

emissions to obtain the total CO2 values from these two sources,

i.e., biotic and limestone-derived (Fry, 2006).

Subtracting the HR value measured in the fallow setups from

the ER measurements with plants in dark chambers gives a

reasonable estimate of AR from plants (Hicks Pries et al., 2013).

However, this largely ignores the role that roots play in enhancing

or suppressing the decomposition of soil. This is known as the

priming effect (Blagodatskaya and Kuzyakov, 2008; Kuzyakov et al.,

2000), where root exudates stimulate microbial activity in the

rhizosphere and cause an associated increase in the

decomposition of the peat.

Natural radiocarbon 14CO2 can be used to provide information

about the age of soil C and the age of respired CO2. When

respiration comes from two sources of widely differing age

(contemporary plants and older peat), the 14CO2 can be used to

partition total respiration into the two contributing fractions. In a

horticultural setting, peat-based substrate is older C, and fresh plant

biomass has a contemporary radiocarbon signature (Torn et al.,

2009), which provides an ideal setup to partition the sources.

Carbon dioxide values from setups with plants are a mixture of

the two sources, and it is possible to separate AR (plant-based) and

HR (soil-based) from the ER (total respiration) measured. By

contrasting the calculated HR using the radiocarbon method with

the HR measured from the fallow peat-only setup, we can aim to

understand the priming effect. Several studies have used isotope-

based tracers to understand the priming effect in laboratory and

field studies to partition respiration sources (Hicks Pries et al., 2013;

Bader et al., 2018; Biasi et al., 2013). In thawing permafrost, Hicks

Pries et al. (2013) found that AR accounted for 40% to 70% of ER,

and its relative contribution depended on the growing season.

Assuming no impact of priming effect in increasing or decreasing

soil respiration, in an ombrotrophic bog, Rankin et al. (2023)

measured that the AR contribution to ER was ~75%.

The primary aim of this study was to quantify emissions of CO2,

CH4, and N2O from horticultural systems that use peat-based

growing media. Our specific aims were to estimate:
1. Respiration components of peat and plants in a peat-based

horticultural system.

2. The potential increase in peat HR with the introduction of

plants in the soil.
To represent different horticultural systems, we selected lettuce,

representing food production, and petunia, representing the
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ornamental industry. We partition total CO2 measurements into

different respiration components and estimate the impact of roots

in increasing peat HR using natural radiocarbon of 14CO2. We

hypothesize that the introduction of horticultural plants in a peat-

based substrate induces a positive priming effect.
2 Methods

2.1 Experimental setup and design

We sourced two different types of commercial horticulture peat

which contained sphagnum peat moss, perlite, limestone, and

wetting agents. A total of 220 g of oven-dry equivalent peat-based

growing media (peat hereafter) was placed into 40 different pots

(30.5 cm diameter, 20 cm height) of 5 L volume. The peat had an

initial gravimetric moisture content of 43% ( ± 5.49), pH of 5.71 ( ±

0.23), and a C:N ratio of 40 ( ± 4.33). CO2 was measured from pots

(n = 12 for the two types of peat) with only peat to determine HR in

the absence of plants.

Lettuce (Lactuca sativa) and petunia (Petunia × hybrida) seedlings

were obtained from Jolly Farms, New Brunswick, Canada, and

transplanted individually in pots (n = 28, 7 replicates for two plant

types grown in two different types of peat) on 3 March 2022. The

experiment was set up in a controlled growth chamber zone at McGill

University Phytotron. The growth chambers were set at a temperature

of approximately 23°C, 75% relative humidity, a diurnal light schedule

of 16 h, photosynthetic photon flux density (PPFD) of 300 mmol m−2

s−1, and under ambient CO2 conditions (~420–450 ppm). The growth

period for the lettuce and petunia plants was 90 and 120 days,

respectively. Plants grown in peat and fallow peat were fertilized with

100 mL of a 1,000 mg L−1 of 20–20–20 water-soluble NPK fertilizer

(The Scotts Miracle-Gro, Ohio, United States) every 2 weeks.
2.2 Chamber setup and CO2
measurements

We conducted direct CO2 measurements in the pots using

transparent chambers manually. Chambers of 20 L volume were

fitted with a fan to allow for adequate mixing and were placed on

water-filled saucers to ensure that the chambers were air-tight.

Measurements on CO2 exchange on the transparent chambers in

full light represented NEE, and dark measurements with covered

(opaque) chambers represented ER. Measurements using covered

chambers without plants represented HR from the soil. For plant

setups, we assumed that AR = ER − HR.

In all cases, we measured CO2 concentrations in the chamber

every second over a period of approximately 5 min, using an SBA-5

CO2 gas analyzer (PP Systems, USA). Then, we calculated CO2 flux

rates from the rates of change in concentration within the

headspace volume for the given surface area extent of the pot.

Flux rates are expressed as g CO2-C m−2 day−1. We adopted the
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convention that a positive NEE value represents a net emission of C

and a negative value represents net uptake of C.
2.3 Environmental variables and biomass
measurement

We measured temperature and moisture in each pot after taking

the CO2 measurements. Temperature and soil moisture were

measured at a depth of 12–15 cm of peat. Soil moisture was

measured using an MP406 soil moisture sensor, ICT International,

Australia. Pots were watered every week to a volumetric water

content of ~30% (v/v) after taking the CO2 measurements. In

addition, we monitored the plant growth index by measuring the

height and width of the plant. We complemented dimension

measurements with images of plants together with a reference to a

knownmeasurement. The number of pixels in the reference was then

used to calculate the areal extent and the plant biomass using a

Photoshop application. At the end of the experiment, we carried out

destructive sampling, washed the plant roots, measured the dry mass

of aboveground and belowground plant biomass, and converted the

mass to C by a 50% conversion.
2.4 d13C–CO2, CH4, and N2O measurements

On day 50 of the experiment, in subsamples (n = 3 each for

fallow peat, lettuce, and petunia grown in peat substrates), we

collected gas samples in a closed chamber to determine the d13C
(V-PDB) signature of CO2 and CH4 and N2O emissions. A 25-mL

sample was taken at 0, 10, 20, 30, 40, and 50 min. Five milliliters of

the sample was used to measure CO2, CH4, and N2O concentrations

on a Shimadzu GC-2014 gas chromatograph equipped with a

methanizer and flame ionization detector. Nitrogen was the

carrier gas. The SRI column temperature was 70°C, and the flame

ionization detector (FID) temperature was 110 110°C. Three to five

standards of 5,000, 5, and 20 ppm of CO2, CH4, and N2O,

respectively, were run through the GC before, during, and after

the sampling period. Methane and N2O emission rates were

calculated from the rates of change in concentration within the

headspace, expressed in mg m−2 day−1.

For d13C determination, the remaining 20 mL of the sample was

run through a G2201-i CRDS Isotopic Analyzer system (Picarro,

Santa Clara, CA). During each sampling period, two replicate CO2

standards of 850 ppm and −28.5‰ VPDB and an ambient air

sample were run through the instrument. Measurements on the

standards had a standard error of <0.4‰ throughout the sampling

period. The isotopic analyzer system was calibrated prior to the

measurement period with two additional isotopic standards (100%

CO2) with d13C values of −15.6 and −43.2‰ VPDB (Stix et al.,

2017). d13C of emitted CO2 was calculated using Keeling plots,

where intercepts were accepted only when the regression coefficient

was >0.9 (Keeling, 1958; Pataki et al., 2003).
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2.5 14CO2 isotope gas collection and
analysis

On the final day of sampling, we used the same closed chambers to

collect the emitted CO2 for
14CO2 isotope analysis. An opaque 20-L

chamber was placed on the water-filled saucer and allowed to

accumulate CO2 for 5 to 30 h based on CO2 emission rates, to

obtain sufficient mass of C to allow 14C measurement. The longer

hours for collection were to allow for fallow peat samples to accumulate

at least 2 mg C to be collected in 1 L gas jars from the headspace. A

minimum of 2 mg C was required for 14C analysis of CO2 in the air.

After the period, a pump with a low flow rate was used to collect

1–2 L of gas. All the gas samples were sent to the AMS Laboratory,

University of Ottawa, to be processed for 14C analysis.

Radiocarbon analyses were performed on an Ionplus AG

MICADAS (Mini Carbon Dating System). 12,13,14C+1 ions were

measured at 200 kV terminal voltage with He stripping. Data were

processed using the BATS data reduction software as described by

Wacker et al. (2010). The fraction modern carbon, F14C, was

calculated as the ratio of the sample 14C/12C to the standard 14C/12C

(Ox-II) measured in the same data block. Both 14C/12C ratios were

background-corrected, and the result was corrected for spectrometer

and sample preparation fractionation using the online AMS-measured
13C/12C ratio and was normalized to d 13C (PDB). Radiocarbon ages

were calculated as −8033 ln (F14C) and reported in percent modern

carbon (pMC) as described by Stuiver and Polach (1977).

To determine the radiocarbon signature of the respired CO2

and to partition it into old and new C, we first corrected for the

background CO2 concentration and the background F14C signature

following Wang et al. (2021) and used the following equation to

calculate the F14C value of the respired CO2.

F14Csamp =
CO2ms �   F14Cms − CO2bac �   F14Cbac

CO2ms− CO2bac

Where CO2ms and CO2bac are the CO2 concentrations at the

start and the end of the chamber closure. F14Cms is the measured

signature of the emitted CO2. F
14Cbac is the signature of background

CO2. For the background signature, we used the mean value of

−9‰ (pMC = 1.0017) for the year 2022 from Niwot Ridge station

(Levin et al., 2023).

For the plants grown in peat-based media, using the isotope

signature, we divided the total respiration into AR and HR using a

two-carbon source model. The measured F14C-CO2 from peat and

F14C of the background, representing the signature of the plants,

were used to calculate the fraction of respiration from peat and from

plants using the equation below (Wang et al., 2021):

fplant =  
F14Csamp − F14Cpeat

F14Cbac − F14Cpeat

fpeat = 1 − fplant

Where fplant and fpeat are the relative contributions by plant and

peat to total ecosystem respiration measured in the setups

with plants.
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2.6 Statistical analyses

Statistical analyses were performed using the R Statistical

Software version 4.0.2 (R Core Team, 2021). We use linear

models to understand the influence of environmental variables

(biomass, temperature, moisture) on the fluxes measured. Fit of

the models was checked using the distribution of the residuals and

p-values of the model. Comparison among the treatments was done

using ANOVA or a t-test. Mean and standard error were reported,

and an alpha of 0.05 was used to establish statistical significance.
3 Results

3.1 Carbon balance for horticultural plants

3.1.1 HR, ER, and NEE values
The loss of peat C through HR (fluxes from fallow peat) ranged

from 0.05 to 0.55 g CO2-C m−2 day−1 (Figure 1) and did not differ

between the two peat types used in the experiment (t = 0.06, df =

108.65, p = 0.94). Linear models indicate that the variations in

temperature and moisture explained 14% of the variability observed

in the flux measurements. Even though the experiments were done

under controlled conditions, there were minor variations in the peat

temperature, and HR generally increased with warmer soil

temperature and drier conditions (Table 1). Temperature exerted

more influence than moisture (t = 3.35 and −1.94, respectively).

The average of all measurements of NEE for lettuce for all the

experiment days varied between −2.43 and 0.18 [mean = −1.7, sd =

0.85] g CO2-C m−2 day−1 (Figure 2). For petunia, the values ranged

between −3.42 and 1.69 g CO2-C m−2 day−1 (Figure 2)
FIGURE 1

Heterotrophic respiration (HR) in fallow setups without plants in dark
conditions. Dots represent the mean values (n = 12) for each
measurement day, and error bars represent the standard deviation.
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[mean = −0.62, sd = 1.722]. In both cases, the NEE values followed

the pattern of the plant growth, that is, when the plants started

gaining biomass, NEE dropped, and the system became a total C

sink. However, as plants reached their full growth potential, NEE

again increased to around zero for lettuce or a net C source for

petunia. For lettuce biomass, temperature, moisture, and the

interaction term between temperature and moisture explained

33% of the variability observed in NEE measurements (Table 1).

For petunia, biomass and temperature explained 58% of the

variability observed in NEE measurements.

For lettuce, ER varied between 0.57 and 3.43 g CO2-C m−2 day−1

[mean = 2.09, sd = 0.79], and for petunia, ER ranged between 0.3

and 5.41 g CO2-C m−2 day−1 [mean = 2.96, sd = 1.39]. For lettuce,

none of the environmental variables measured significantly

explained the variability in ER values.

Biomass, temperature, moisture, and an interaction term

between biomass and temperature explained 16% of the

variability observed in ER measurements in petunia samples

(Table 1). The order of importance of independent variables on

ER measurements was as follows: the interaction term between

biomass and temperature, biomass, temperature, and moisture (t =

2.63, −2.73, −1.98, and 1.78, respectively).

3.1.2 Slight or no increase in peat HR with the
introduction of plants

The radiocarbon pMC of solid peat was 0.81 ( ± 0.03), and the

CO2 emitted from peat was 0.87 ± 0.05. The pMC of CO2 emitted

from peat was lower than that from lettuce (0.98 ± 0.003) and

petunia (0.97 ± 0.004), indicating a higher contribution of modern

C to the overall CO2 emissions in lettuce and petunia compared to

peat-only setups (Figure 3A).

When calculated using a two-component mixing model, peat-

derived C contributed an average of 10 ( ± 3) % and 18 ( ± 3)% to ER

in lettuce and petunia pots, respectively (Figure 3B). Peat-derived HR

calculated in the lettuce was slightly larger but not statistically

different than that for peat (lettuce = 0.14 ± 0:02 g CO2-C m−2

day−1 and peat = 0.12 g CO2-C m−2 day−1 ±   0:07, p = 0.87), whereas

peat-derived HR calculated in petunia was twice that of peat (petunia

= 0.25 g CO2-C m−2 day−1 ±   0:34, p = 0.007) (Figure 4).
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3.1.3 Apparent biomass accumulation larger than
peat HR losses

Lettuce accumulated over 90 days 168 g C m−2, comprising

153 g C m−2 in the shoots and 14 g C m−2 in the roots (Figure 5).

In petunia, total oven-dried biomass accumulated over 120 days

was 225 g C m−2, comprising 212 g C m−2 in the shoots and 13 g C

m−2 in the roots. These plant accumulations contrasted with the

26 and 34 g CO2-C m−2 lost from the peat alone, over 90 and

120 days.
3.2 d13C– CO2 signatures, CH4, and N2O
measurements

Values of d13C− CO2 ranged from −22.08‰ to −28.21‰, with

an average value of −24.38‰ (Figure 6). The Kruskal−Wallis test

showed that the values did not statistically differ between peat,

lettuce, and petunia (K = 1.80, df = 2, p = 0.4).

Measurement of CH4 and N2O fluxes showed a large range

from source to sink, but they did not differ by treatment. The

average CH4 flux was 0.55 mg m−2 day−1 ( ± 4.66) and did not differ

between the treatments (K = 1.37, df = 2, p = 0.5) (Figure 7). The

average N2O measurement for all the setups was 2.6 ( ± 3.47) mg

m−2 day−1, which did not differ significantly between the treatments

(K = 2.8, df = 2, p = 0.2) (Figure 7).
4 Discussion

We investigated the GHG emissions in plants grown in peat-

based growing media by observing the exchange of CO2, N2O, and

CH4. We used radiocarbon measurements to separate ER into plant

and soil respiration components, and we examined the potential

priming effect in increasing peat HR by plants. Finally, we measured

the biomass of the plants grown, as the fate of the biomass needs to

be accounted for in the assessment of the total C losses as CO2 to the

atmosphere. Overall, NEE, ER, priming effect, and biomass

accumulated depended on plant types, whereas N2O and CH4

fluxes did not vary between the two plants studied.
TABLE 1 Regression results between respiration fluxes and environmental variables.

Variables df F-value p-value R2

HR—fallow peat

Moisture + temperature 2, 84 8.21 <0.001 0.14

NEE—petunia
Biomass + temperature

2, 154 109 <0.001 0.58

NEE—lettuce
Biomass + temperature * moisture

4, 86 12.28 <0.001 0.33

ER—petunia
Biomass * temperature + moisture

4, 146 8.25 <0.001 0.16
The main and interactive effects between independent variables are denoted by + and *, respectively. The interactive effects are shown whenever significant.
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4.1 CO2 exchange

Heterotrophic respiration values measured in the fallow peat

ranged between 0.05 and 0.7 g CO2-C m−2 day−1, combining both

biotic respiration as well as abiotic dissolution of limestone added to

raise the pH value of the substrate (Biasi et al., 2008). Sharma et al.

(2024) showed that the contribution to CO2 from limestone is

largest at the onset of addition and the contribution decreases over

time. Potentially reflective of diminishing limestone contribution to

CO2 and removal of the effect of an initial disturbance, CO2 values

from peat show a decline after approximately the 70th day. The

d13C signature of emitted CO2 on day 86 was −24‰, demonstrating

a small low contribution from carbonates (−0.03‰) and a high

contribution to total CO2 flux from the biotic peat source (−27.5‰).

Based on the original mass of peat added to each pot and an

assumed C content of 50%, the average emission rate over the

period of the experiment yields a 1-year decomposition rate of
Frontiers in Horticulture 06
6.6% ± 3.1% of mass loss. The measured value in this study is very

close to the 5.4% ± 1.1% mass loss from lab incubations of

horticultural peat (Sharma et al., 2024). The slightly higher mass

loss in this study could be because the limestone contribution has

not been separated, as was done in the previous incubation study.

For instance, considering that there is no limestone contribution

after day 70 and taking the average emissions after day 70, the

extrapolated yearly mass loss would be approximately

3.31% ± 1.62%.

Previous peat incubations have shown that temperature and

moisture conditions are key controllers of peat respiration (Scanlon

and Moore, 2000; Blodau et al., 2004). Though our experiment was

run in a controlled environment at ~23°C, minor fluctuations in

temperature among the sampling plots and moisture explained 14%

of the variability measured in HR values. When extrapolating the

HR values, from our study that contained 2.8 kg dry peat per m2

and emitted on average 0.28 ± 0.15 g CO2-C m–2 day−1, to 32 km2 of
FIGURE 3

Measured percent modern carbon (pMC) CO2 values (A) and contribution of heterotrophic respiration (HR) to ecosystem respiration (ER) for lettuce
and petunia calculated using the two-way mixing model (B); n = 6 for each of the groups. Error bars represent the standard deviation around the
mean value measured.
FIGURE 2

Net ecosystem exchange (NEE) and ecosystem respiration (ER) for lettuce and petunia from left to right. Dots represent the mean values (n = 14),
and error bars represent the standard deviation around the mean.
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(assuming similar dry peat mass per m2 and not accounting the

leftover peat mass after use), we estimate 3.27 ± 1.75 kt of CO2

emissions per year from the peat-based growing substrate.

The average NEE values were −1.17 ( ± 0.85) g CO2-Cm−2

day−1 for lettuce and −0.62 ( ± 1.72) g CO2-C m−2 day−1 for petunia,

while the average ER values for lettuce and petunia were 2.09 ( ±

0.79) and 2.96 ( ± 1.39) g CO2-C m−2 day−1. During the initial phase

of growth, as the plants accumulated biomass, both ER and NEE

exhibited their highest rates and then gradually declined as the

plants matured and established stable growth conditions. NEE

and ER measurements were a combination of plant respiration,

which is dependent on the stage of plant growth (Van Iersel, 2003),

soil respiration, and limestone-derived CO2. The biomass

measurements, temperature, and moisture measurements could

not always explain the large portion of the variability in the NEE

and ER values.

In our study, the d13C− CO2 signatures did not differ between the

three possible sources, suggesting that by this time the limestone

contribution to total flux was insignificant. However, lacking

continuous measurements of the d13C− CO2 signature, we could not

calculate the contribution of limestone-based emission through time.

The radiocarbon age of peat was relatively older than the

contemporary radiocarbon age (1737 years BP, pMC = 0.81), and
FIGURE 5

Dry biomass (separated into root and shoot components) measured at the end of the experiment period (n = 4) for each plant type.
FIGURE 4

Heterotrophic respiration (HR) measured in peat and calculated
contribution of autotrophic respiration (AR) to total respiration in lettuce
and petunia samples. N = 6 for each of the groups. Calculations are
made using radiocarbon signatures of peat, the present-day
atmospheric signature, and the emitted CO2. Error values represent the
standard deviation around the mean values calculated.
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so was the CO2 respired from peat-only setups (pMC = 0.87). Even in

fallow peat setups, the 14C of the CO2 emitted was always more

modern than that of the solid peat, which indicates younger fractions

of peat within the bulk peat are preferentially decomposed relative to

older peat fractions. Similar results have been shown by previous

studies (Biasi et al., 2013; Bader et al., 2018). The higher modern C

fraction in setups with plants (pMC = 0.98) clearly shows that the

respiration values are dominated by the living plants (pMC = 1.0017)

and, to a lesser degree, the older C of the peat substrate. While

partitioning the total flux into their sources, we showed that plants’

respiration fraction differed between plant species, as peat respiration

contributed 10% and 18% to the total respiration in lettuce and

petunia, respectively. Previous studies have also pointed out that the
Frontiers in Horticulture 08
relative contribution depends on plant functional type and abiotic

factors (Rankin et al., 2022). In natural peatlands, Rankin et al. (2023)

and Hicks Pries et al. (2013) found the AR contribution to ER to be

approximately 75% and between 40% and 70%, respectively. The

larger proportions of AR (82%–90%) observed in our study are likely

due to the much smaller mass of peat in the experimental pots that

contributes to the absolute HR being lower as compared to the

amount of peat under a peatland.

Our data also demonstrate that the priming effect, caused by the

roots increasing heterotrophic respiration, was minor or positive, as

shown from the separation of ER using radiocarbon signatures. In

studies on peatlands, HR enhancement (Bader et al., 2018; Basiliko

et al., 2012) was suppressed, as well as neutral (Estop-Aragonés

et al., 2022; Bader et al., 2018; Wild et al., 2023) effects due to

priming have been shown. Experiments in a laboratory mimicking

root exudates have shown that the positive priming effect depends

on the compound added (Wild et al., 2023), soil type (Bader et al.,

2018; Wild et al., 2023), and other factors. The differences in root

exudates and structure could be a possible reason for the difference

in priming between lettuce and petunias in our study. Petunia roots

are known to form a symbiotic association with arbuscular

mycorrhizal fungi (Reddy et al., 2009; Druege and Franken,

2019). These fungi form intracellular structures by penetrating the

individual cells in the root cortex and play a role in supplying

nutrients to host plants (Reddy et al., 2009). At the same time,

arbuscular mycorrhizal fungi are also known to be substantial

contributors to total ecosystem flux that rapidly return plant-

derived C to the atmosphere (Nottingham et al., 2010). However,

validating this would require future studies that look at both

respiration components and root structures. Additionally, it is

important to note that we collected only the CO2 samples for

radiocarbon measurements toward the end of the experiment

because of the large cost of the isotope analysis. Monitoring the

extent of the priming effect throughout the experimental period

could have provided a more nuanced picture of the priming effect in

horticultural crop production.
FIGURE 7

CH4 and N2O (A, B) measurements for different treatments. Measurements were done on day 50 of the experiment.
FIGURE 6

d13C measurements for peat, lettuce, and petunia, respectively. n = 4 for
peat and lettuce, and n = 3 for petunia. One-way ANOVA revealed no
statistically significant difference among the three groups.
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4.2 Biomass accumulated

In the experiment period, the plants assimilated 168 and 225g C

m−2 in lettuce and petunia, respectively. However, most of the

horticulture plants are used for food production or as ornamental

plants, and their biomass is readily consumed as food or discarded

to decompose at the end of the season; therefore, a large part of the

biomass will be returned to the atmosphere within a short

timeframe of years to decades.
4.3 CH4 and N2O exchange and global
warming potential

Methane emissions from our study were small (0.55 ± 4.66 mg

CH4 m
−2 day−1), and some uptake was also recorded. In cropped

peat soils, low CH4 emissions are well documented (Taft et al.,

2017) as soils are well mixed and well aerated, creating an

environment unsuitable for methanogens and supporting

methanotrophic activity (Mer and Roger, 2001). The small and

even negative CH4 fluxes that we observed are similar to the results

from container horticulture CH4 measurements reported (Murphy

et al., 2019, 2021; Marble et al., 2012b, 2012).

Except for two measurements, all the treatments were a source

of N2O, but emissions are lower (2.69 ± 3.47 mg N2O m−2 day−1)

than reported for vegetable crops in organic soils in Ohio with 40–

133 mg N2Om−2 day−1 (Elder and Lal, 2008), in peat soil in Finland

with 14 mg N2O m−2 day−1 (Regina et al., 2004), and in arable peat

soil in the summer months in the United Kingdom ranging from 59

to 132 mg N2O m−2 day−1 (Taft et al., 2017). Nevertheless, when

comparing our values to horticultural plants grown in containers,

the results we report are in general agreement with an average of

0.83 mg N2O m−2 day−1 in peat-based substrate in annual

horticultural species (Murphy et al., 2021) and with an average of

2.23 mg N2O m−2 day−1 from pine bark and sand-based media

(Marble et al., 2012b). We recognize that to track a complete picture

of N2O emissions, a larger control is required. For instance, N2O

emissions have been shown to depend on fertilizer intensity and

type (Brown et al., 2025) as well as N2O emissions depend on

seasonal or cropping patterns as N2O peaks have been reported

following irrigation (Lloyd et al., 2019), cultivation, or management

interventions (Elder and Lal, 2008; Regina et al., 2004).

Nonetheless, we think that these findings are important to

further constrain the understanding of overall GHG impact from

horticulture, the values of which are rarely compared to

conventional agriculture. Using the global warming potential of

emitted N2O as 270, the average CO2 equivalent for N2O emissions

from our study is 0.73 g CO2-eq m−2 day−1. If these values are

extrapolated over a year (i.e., 365 days), then they are roughly

equivalent to what is emitted from a square meter of actively

harvested peatland (Clark et al., 2023). Given that the N-fertilizer

application in horticultural systems is heavy and recurrent, we show

that quantifying N2O emissions is important to ascertain the overall

GHG budget of peat use in horticulture. Although the results that

we present come from a limited number of samples in a limited
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timeframe, an initial extrapolation of N2O emissions from using

peat as a growing substrate in horticulture in Canada amounts to

approximately 2.33 kt of CO2-eq per year.
5 Conclusion

We estimated the respiration dynamics of peat substrate for two

plant species representing food production and ornamental

horticulture by measuring ER, net ecosystem exchange, and

biomass accumulated. We used radiocarbon measurements to

separate ER into HR and AR to measure if the introduction of

plants in peat increased peat HR. HR from peat was on average

0.28 ± 0.15 g CO2-C m−2 day−1, similar to what has been reported

for horticulture peat from previous studies (Sharma et al., 2024).

Radiocarbon measurements made at the end of the experiment

show that HR contributes 10% and 18% to ER in lettuce and

petunia, respectively. We did not find any evidence of an increase in

peat HR in lettuce, whereas we measured a positive priming effect in

petunia, where peat-based HR from petunia was twice that of peat-

only setups. Therefore, we conclude that differences in peat HR

when plants are introduced to that of bare peat HR could be species-

dependent. Future work should include radiocarbon measurements

and repeated partitioning of AR and HR throughout the plant’s

lifespan, rather than only measuring at the mature stage as we did,

to better constrain the influence of plants on peat HR.We anticipate

that the measurements on GHG emissions that we report provide a

basis for upscaling and reporting emissions from horticultural

plants for the controlled environment of agricultural and

ornamental plants.
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