
Respiratory quotients as a useful indicator of the enhancement of
petroleum hydrocarbon biodegradation in field-aged contaminated soils
in cold climates

Wonjae Chang a,⁎, Subhasis Ghoshal b

a Department of Civil and Geological Engineering, University of Saskatchewan, 57 Campus Drive, S7N 5A9 Saskatoon, SK, Canada
b Department of Civil Engineering, McGill University, 817 Sherbrooke Street West, H3A 2K6 Montreal, QC, Canada

a b s t r a c ta r t i c l e i n f o

Article history:
Received 6 November 2013
Accepted 23 June 2014
Available online 28 June 2014

Keywords:
Respiration quotient
Petroleum hydrocarbons
Bioremediation
Cold climates
Soil gas
Sub-zero temperatures

The Respiration Quotient (RQ) is a substrate-dependent respiration indicator. The determination of RQ-values
from soil gas data obtained during the bioremediation of contaminated soils provides useful information about
whether or notmicrobial respiration activity is specific to themicrobial degradation of contaminants. Less atten-
tion has been paid to the uses of RQ-values for petroleum hydrocarbon-contaminated cold-climate soils under a
wide range of low temperature regimes including sub-zero temperatures. In this study, RQ-values were deter-
mined for biotreated petroleum hydrocarbon-contaminated soils shipped from two cold-region sites and were
validated using pilot-scale aerobic bioremediation experimentswith various soil treatments, low temperature re-
gimes and soil types. The RQ-values (0.57 to 0.78), empirically determined from CO2 and O2 in soil gas, were con-
sistently close to the theoretical RQ-values for target hydrocarbon fractions (0.65–0.8) only when the decrease in
hydrocarbon concentration was statistically significant in the biotreated soils. In addition to the RQ-values, a
strong linearity was observed in the RQ plots for CO2 production and O2 consumption, but only for the soils in
which hydrocarbon biodegradation activity was significantly enhanced. Using confirmed hydrocarbon and mi-
crobial data for the occurrence of hydrocarbon biodegradation, the RQ plot characteristics (RQ-values and linear-
ity) proved to be considerably relevant to hydrocarbon biodegradation. Due to the substrate-dependency of the
RQ-values, conventional soil gas monitoring activities involved in the bioremediation and management of con-
taminated soils at remote cold sites can be more effective and meaningful by indicating enhanced microbial ac-
tivity specific to petroleum hydrocarbon biodegradation.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Chemical contamination has been identified at a large number of cold-
region sites (Snape et al., 2008). Risks and impacts of chemical contami-
nation to cold-climate soil environments and ecological receptors are
potentially more severe in cold environments, including polar and sub-
polar sites, than in temperate environments (Princz et al., 2012). The
soils in cold regions remain partially frozen or frozen for 6 to 9 months
of the year. The costs of riskmanagement and remediation in cold regions
are prohibitively increased by cold-climate seasonality, remoteness and
low remediation efficiency. For example, the clean-up costs for Distant
Early Warning (DEW) contaminated sites, which are remotely located
in the Artic and sub-Artic in Canada, are estimated at over tenmillion dol-
lars for a single site (Office of the Auditor General of Canada, 2012).

Petroleum hydrocarbons that include toxic and carcinogenic hydro-
phobic organic compounds are one of the most frequently identified
contaminants in Canada (CCME, 2008). Petroleum hydrocarbon

contamination in cold-region soil is commonly found at or near oil
spill sites, old oil pipelines, gas stations, past military bases, abandoned
production and processing sites, or earthen storage facilities for oil, gas
and mineral mine operations (Arocena and Rutherford, 2005; Poland
et al., 2001; Princz et al., 2012).

Bioremediation (the use of microorganisms to degrade or detoxify
contaminants) has been frequently considered a less destructive reme-
diation technology for cold sites since hydrocarbon-degrading bacteria
that are adapted to cold environments can often be found in
hydrocarbon-contaminated cold-climate soils (Aislabie and Foght,
2008; Margesin and Schinner, 1999). Supplying nitrogen (N) and phos-
phorous (P) have been shown to be effective for enhancing cold-
adapted, indigenous, hydrocarbon-degrading bacteria in petroleum
hydrocarbon-contaminated soils at low temperatures (Braddock et al.,
1997; Ferguson et al., 2003; Margesin and Schinner, 2001; McCarthy
et al., 2004; Paudyn et al., 2008; Sanscartier et al., 2009; Snape et al.,
2006;Walworth et al., 2007;Whyte et al., 2001). However, current bio-
remediation strategies and on-site activities formany cold sites typically
try to take advantage of the non-freezing temperatures of summer only.
These short treatment seasons are often insufficient for meeting
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remediation targets and criteria (Chang et al., 2011a; Whyte et al.,
2001). Therefore, planning, remediation, on-site monitoring and man-
agement should be highly efficient.

On-site soil gas monitoring for CO2 and O2 has been widely adopted
for on-site aerobic bioremediation and contaminated site management.
Previous interpretations of soil CO2–O2 gas data have focused on de-
scribing the overall enhancement of on-site microbial respiration activ-
ity, which provides useful information about the general trends in
microbial responses after soil treatment, but not information specific
to petroleum hydrocarbon degradation (Filler et al., 2001; Gibb et al.,
2001; Sanscartier et al., 2009; Zytner et al., 2001).

Respiration quotients (RQ) are ameasure of themolar ratio between
CO2 production and O2 consumption, which is dependent on the sub-
strate being utilized for microbial metabolic activity. Since many cold-
region sites are located in remote areas, on-site soil gas measurement
is a common practice and, therefore, RQ-values calculated from the
measured CO2 and O2 data can offer useful information about whether
the enhanced microbial activity is related to hydrocarbon biodegrada-
tion. Based on the stoichiometric relationships involved in hydrocarbon
biodegradation, theoretical RQ-values for aerobic respiration range
from 0.65 to 0.8, depending on the hydrocarbon type (i.e., straight al-
kanes, cyclic alkanes, alkenes, alkynes or aromatic hydrocarbons).

Several previous bioremediation studies have determined RQ-values
to evaluatewhether or not enhancedmicrobial activitywas specific to hy-
drocarbon biodegradation at temperatures ranging from 20 to 30 °C.
Linkins et al. (1978) determined theRQ-values for hydrocarbons between
2 and 14 °C. Generally, RQ-values from the previous studies were in good
agreementwith theoretical RQ-values (0.65–0.8) for target hydrocarbons
(Dilly et al., 2011; Freijer et al., 1996; Hund and Schenk, 1994; Lamy et al.,
2013; Odu, 1978; Volke-Sepúlveda et al., 2003, 2006). However, some
previous studies have reported empirical RQ values that deviate from
the theoretical RQ ranges for target hydrocarbons (Aspray et al., 2008;
Govind et al., 1997; Møller et al., 1996; Taok et al., 2007).

The effectiveness of using RQ-values derived from hydrocarbon-
impacted cold-region soils has not been extensively validated under
low temperature regimes that include sub-zero temperatures. The spec-
ificity of RQ-values to hydrocarbon biodegradation needs to be evaluat-
ed under a variety of soil treatment conditions and for different soil
types at low temperatures to potentially provide an on-site soil index
to indicate microbial enhancement specific to hydrocarbon biodegrada-
tion during on-site bioremediation, especially in remote cold regions.

The objective of this study is to evaluate the effectiveness of RQ-
values in assessing aerobic microbial respiration specific to enhanced
hydrocarbon biodegradation activity in cold-region contaminated soils.
The present study demonstrates the specificity of RQ-values to hydro-
carbon biodegradation in response to different soil treatments (nutrient
concentrations and soil buffering), temperature regimes (summer tem-
peratures and seasonal temperatures) and soil types (sandy and clayey
soils). To validate the specificity of the RQ-values to hydrocarbon bio-
degradation and microbial enhancement, the empirically determined
RQ-values were compared to theoretical RQ-values and to precise,
validated data for hydrocarbon biodegradation and hydrocarbon-
degrading bacterial populations in the same soils, whichwere extensive-
ly characterized in Chang et al., 2010, 2011a, 2011b, 2013.

2. Materials and methods

2.1. Respiration quotient

The Respiration Quotient (RQ; Eq. (1)) is a dimensionless number
obtained by calculating the molar ratio between the CO2 produced
and the O2 consumed in soils (Luo and Zhou, 2006).

RQ ¼ CO2½ �produced
O2½ �consumed

ð1Þ

The RQ-value is a substrate-dependent index for respiratory activity.
The substrate-dependency of RQ-values has been documented for a
wide range of substrates such as roots, humic acids, carbohydrates and
hydrocarbons (Luo and Zhou, 2006; Vermeulen, 2007). The RQ-values
for aerobic respiration are belowunity (RQ b 1.0). For anaerobic respira-
tion, the RQ-values are greater than unity (RQ N 1.0).

Based on generalized stoichiometric relationships for hydrocarbon
biodegradation under aerobic conditions (Eq. (2)), this study obtained
the theoretical RQ-values for a variety of hydrocarbon groups that are
based on structure and carbon numbers (Eq. (3) and Table 1).

CX HY OZ þ Xþ Y=4 ‐ Z=2ð ÞO2 → XCO2 þ Y=2ð ÞH2O ð2Þ

RQ ¼ X
Xþ Y=4‐ Z=2

ð3Þ

For the different hydrocarbon groups, the theoretical RQ-values
ranged from 0.65 to 0.8 (Table 1). The theoretical RQ-values for hydro-
carbon degradation are slightly different from those for various roots
(0.75 to 1.4), model humic acids (C308H328O90N5; 0.88) and carbohy-
drates such as glucose (1.0) (Dilly, 2001; Luo and Zhou, 2006;
Vermeulen, 2007).

The net amounts of CO2 produced and O2 consumed in soil air were
determined by subtracting the measured background concentrations of
CO2 and O2 in air from the concentrations obtained by directly
extracting soil air from the pilot-scale tanks, as described in the RQ-
value calculations in previous studies (Cortassa et al., 2001). The tem-
perature corrected data for CO2 production and O2 consumption were
plotted and linear regression analyses were performed to determine
the RQ-value, which is the slope of the plot as illustrated in Fig. 1. The
goodness-of-fit (R2)was determined to quantify the linearity of the plot.

2.2. Data acquisition

To determine and validate the RQ-values obtained from a variety of
soil treatments, temperature conditions, and soil types, the field-aged
contaminated soils that were well characterized in terms of the occur-
rence of hydrocarbon biodegradation were selected from published
studies (Chang et al., 2010, 2011a, 2011b, 2013). In these studies, the
physical, chemical and microbial properties of the petroleum
hydrocarbon-contaminated soils were extensively described. Using de-
tailed hydrocarbon and microbial analyses, the studies showed the oc-
currence of hydrocarbon biodegradation and associated microbial
responses in terms of shifts in microbial communities in the site soils.

Using the validated data for enhanced hydrocarbon biodegradation
andmicrobial populations in the site soils, the effectiveness of using em-
pirically determined RQ-values for the present study can be evaluated
for the different soil treatments (treated and non-treated; nutrient con-
centrations and soil pH), temperature regimes (variable, constants and
summer/winter temperatures) and soil types (sandy and clayey soils).
As shown in Tables 2 and 3, the soil treatments used for this study
were presented in previous studies in which the removal efficiencies
were validated. Soil treatments 1, 3, and 4 in Table 2were not published
previously.

Table 1
Theoretical RQ-values for petroleum hydrocarbons.

F1: C6
to C10

F2: C10
to C16

F3: C16
to C34

F4: C34
to C50

Straight-chain alkane 0.63–0.65 0.65 0.65–0.66 0.66
Branched alkane 0.63–0.65 0.65 0.65–0.66 0.66
Cyclic alkane 0.67 0.67 0.67 0.67
Alkenes 0.67 0.67 0.67 0.67
Alkynes 0.69–0.71 0.68–0.69 0.67–0.68 0.67
Aromatic 0.80 0.80 0.80 0.80
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