Biogeosciences, 12, 637-651, 2015
www.biogeosciences.net/12/637/2015/
doi:10.5194/bg-12-637-2015

© Author(s) 2015. CC Attribution 3.0 License.

Quantifying environmental stress-induced emissions of algal
isoprene and monoterpenes using laboratory measurements

N. Meskhidzel, A. Sabolis!”*, R. Reed?, and D. Kamykowski!

IMarine, Earth, and Atmospheric Science, North Carolina State University, Raleigh, NC, USA
2Center for Applied Aquatic Ecology, North Carolina State University, Raleigh, NC 27606, USA

“now at: Scott Safety, Monroe, NC 28110, USA

Correspondence to: N. Meskhidze (nmeskhidze@ncsu.edu)

Received: 19 August 2014 — Published in Biogeosciences Discuss.: 19 September 2014
Revised: 10 December 2014 — Accepted: 26 December 2014 — Published: 2 February 2015

Abstract. We report here production rates of isoprene and
monoterpene compounds (a-pinene, B-pinene, camphene
and d-limonene) from six phytoplankton monocultures as
a function of irradiance and temperature. Irradiance exper-
iments were carried out for diatom strains (Thalassiosira
weissflogii and Thalassiosira pseudonana), prymnesiophyte
strains (Pleurochrysis carterae), dinoflagellate strains (Kare-
nia brevis and Prorocentrum minimum), and cryptophyte
strains (Rhodomonas salina), while temperature experiments
were carried out for diatom strains (Thalassiosira weissflogii
and Thalassiosira pseudonana). Phytoplankton species, in-
cubated in a climate-controlled room, were subject to vari-
able light (90 to 900 pmol m—2s~1) and temperature (18 to
30°C) regimes. Compared to isoprene, monoterpene emis-
sions were an order of magnitude lower at all light and tem-
perature levels. Emission rates are normalized by cell count
and Chlorophyll @ (Chl @) content. Diatom strains were
the largest emitters, with ~ 2 x 10~ g(cell)~th—1 (~ 35 g
(gChl a)~1h~1) forisoprene and ~ 5 x 10~ g (cell) 1 h—1
(~1ug (gChla)~1)h=1) for a-pinene. The contribution to
the total monoterpene production was ~ 70 % from «-pinene,
~20% for d-limonene, and <10% for camphene and 8-
pinene. Phytoplankton species showed a rapid increase in
production rates at low irradiance (< 150 pmolm—2s~1) and
a gradual increase at high (> 250 pmol m—2s~1) irradiance.
Measurements revealed different patterns for time-averaged
emissions rates over two successive days. On the first day,
most of the species showed a distinct increase in production
rates within the first 4 h while, on the second day, the emis-
sion rates were overall higher, but less variable. The data sug-
gest that enhanced amounts of isoprene and monoterpenes

are emitted from phytoplankton as a result of perturbations
in environmental conditions that cause imbalance in chloro-
plasts and force primary producers to acclimate physiologi-
cally. This relationship could be a valuable tool for develop-
ment of dynamic ecosystem modeling approaches for global
marine isoprene and monoterpene emissions based on phyto-
plankton physiological responses to a changing environment.

1 Introduction

The age of global warming has brought about a heightened
amount of attention to the interactions between life and the
Earth’s climate. Global climate models with advanced treat-
ment of manmade aerosols and pollutants and their inter-
actions with clouds have been widely used for calculations
from climate sensitivity to greenhouse gas emissions. Over
the last decade, a large number of studies have been devoted
to reducing the uncertainty in anthropogenic aerosol radia-
tive forcing of climate. However, a lesser-known uncertainty
in climate predictions as a result of natural aerosols has only
recently been explored (Meskhidze et al., 2011; Carslaw et
al., 2013). As estimates of anthropogenic forcing are based
on a pre-industrial atmosphere composed mainly of natu-
ral aerosols, the representation of natural aerosols in climate
models strongly influences the predictions of current and fu-
ture climate effects of anthropogenic aerosols (Hoose et al.,
2009). Data analysis shows that up to 45 % of the variance of
aerosol forcing arises from uncertainties in natural emissions
of volcanic sulfur dioxide, marine dimethy! sulfide, biogenic
volatile organic carbon (BVOC), biomass burning, and sea
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spray (Carslaw et al., 2013). Moreover, recent studies have
revealed that several biotic and abiotic stresses associated
with changing environmental factors increase the emission
of BVOC from both terrestrial and aquatic plants (Rinnan et
al., 2014). Therefore, the Earth’s climate models should be
able not only to characterize aerosol and trace gas emissions
from the Earth’s various ecospheres and quantify the uncer-
tainties associated with these emissions, but also to predict
the changes in the emission rates that are related to the hu-
man activity.

While climate is regulated by numerous factors, some of
the largest effects of natural aerosols on climate radiative
forcing occur over the oceans, where boundary layer clouds
cover the vast expanse of the Earth’s surface and have some
of the highest sensitivity of cloud albedo to cloud conden-
sation nuclei concentrations (Platnick and Twomey, 1994;
Hoose et al., 2009). Thus, factors that regulate the concen-
tration of aerosols over the oceans and the resulting reflec-
tivity of low-level marine clouds can critically affect the cli-
mate system as a whole (e.g., Randall et al., 1984; Stevens
et al., 2005). The existence of physical relationships between
marine biota, gas emissions, aerosols, clouds, and radiative
forcing has been hypothesized for more than several decades
(Shaw, 1983). If such a relationship exists, the observed tight
coupling between environmental change and plankton dy-
namics (such as community structure, timing of seasonal
abundance, and geographical range) (Hays et al., 2005) may
have a considerable impact on the current and future cli-
mates.

Marine aerosols associated with ocean biota can be de-
rived from both primary (through bubble bursting) and sec-
ondary (through oxidation of phytoplankton-emitted trace
gases) processes (Blanchard, 1964; Hoffman and Duce,
1976; Charlson et al., 1987; O’Dowd et al., 2004; Meskhidze
and Nenes, 2006; O’Dowd and Leeuw, 2007). Recent re-
views summarized the state of the art and remaining un-
certainties in production mechanisms, number concentration,
size distribution, chemical composition, and optical proper-
ties of sea spray aerosols (de Leeuw et al., 2011; Meskhidze
et al., 2013). In addition to primary aerosols, many oceanic
trace gases produced as a consequence of marine biologi-
cal activity have also been shown to have global-scale im-
pacts on biogeochemical cycling, tropospheric and strato-
spheric ozone depletion, photochemical processing, and sec-
ondary aerosol formation (Carpenter et al., 2012, and ref-
erences therein). Although the global BVOC emission rate
of phytoplankton is considerably small compared to terres-
trial vegetation, the emissions occur over relatively pristine
regions and therefore have the ability to influence oxidation
capacity and natural aerosol formation in remote marine and
coastal regions (Luo and Yu, 2010).

Following an initial finding for a marine source of iso-
prene (Bonsang et al., 1992; Broadgate et al., 1997) and
monoterpenes (Yassaa et al., 2008), an increasing number
of studies have focused recently on improved understanding
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of their potential effects on coastal air quality (Palmer and
Shaw, 2005; Liakakou et al., 2007; Gantt et al., 2010a, b)
and climate (Gantt et al., 2009; Roelofs, 2008; Meskhidze
et al., 2011). Isoprene production rates have been deter-
mined for microalgae (Moore et al., 1994; Milne et al.,
1995; Mckay et al., 1996; Shaw et al., 2003; Gantt et al.,
2009; Bonsang et al., 2010; Exton et al., 2013), macroal-
gae (Broadgate et al., 2004), and microbial communities
(Acufia Alvarez et al., 2009). Despite this, large discrepan-
cies remain in bottom-up and top-down estimates of ma-
rine sources of isoprene, having a wide range from ~0.1
to 1.9TgCyr! and ~11.6 TgCyr1, respectively (Milne
et al., 1995; Palmer and Shaw, 2005; Gantt et al., 2009;
Lou and Yu, 2010). An even greater level of uncertainty ex-
ists for sources of ocean-derived monoterpenes that were
proposed to range from 0.013 to 29.5TgCyr~! (Luo and
Yu, 2010). Past studies also revealed that isoprene emis-
sions from phytoplankton are strongly correlated with in-
coming radiation (Shaw et al., 2003; Gantt et al., 2009).
Both studies showed a rapid increase in isoprene production
at low irradiance levels (<150 umolm—2s~1) and a grad-
ual increase at higher irradiance levels (> 250 ymol m—2s~1).
Emission rates of monoterpenes from nine algal species have
also been reported, but only at significantly lower (30 to
100 pmolm—2s~1) irradiance levels (Yassaa et al., 2008).
When studying emission of isoprene and monoterpenes from
different algal species, most of the research has been fo-
cused on either long-term emission rates from normal growth
conditions or short-term emissions as responses to different
environmental stress factors (i.e., light and thermal stress).
Little attention has been devoted to production of isoprene
and monoterpenes from phytoplankton as a function of time
when they are forced to adjust or acclimate physiologically.

During their lifetime, phytoplankton can also be exposed
to temperature values considerably different from the ones
at which cultures have been acclimated due to vertical
mixing in the water column. Eppley (1972) pioneered the
study of phytoplankton growth rates at acclimated temper-
ature. Schofield et al. (1998) investigated temperature ef-
fects on dinoflagellate photosynthetic light and dark reac-
tions, while Staehr and Birkeland (2006) discussed temper-
ature effects on broader aspects of phytoplankton biochem-
istry and metabolism. Production of isoprene and monoter-
penes from marine algae as a result of simultaneous changes
in temperature and light regimes has not been previously in-
vestigated.

This study explores isoprene and monoterpene production
rates that arise in response to variations in environmental fac-
tors for light-stressed and temperature-stressed regimes from
variable phytoplankton species. Four broadly distributed and
globally common phytoplankton classes (Cermefio et al.,
2010) and more than one species of diatom and dinoflagel-
late were used to generalize the class coverage beyond just
diatoms and dinoflagellates and only one species per class.
The six algal species were selected based on a variety of
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factors including use in previous photosynthetic and phys-
iological studies, production of secondary metabolites and
toxins, rapid growth rate and high nutritional value. The
term “stress” is debatable in the ecological sense; here,
it denotes an external constraint limiting the rates of re-
source acquisition, growth or reproduction by marine algae
(Grime, 1989). The 12 h light/temperature cycles, different
from those at which the bulk cultures were incubated in
the climate control room, were used to observe a possible
stress-related response of BVOC production. The 12 h dark
cycle at the standard temperature in the climate-controlled
room was intended to give phytoplankton some time to re-
pair the photo/temperature damage that they may have sus-
tained. Although full acclimation to a severely altered envi-
ronment may require more than 12 h to reach a new equi-
librium, timescales (hours to days) were selected to explore
BVOC production rates that could be a response of phy-
toplankton to variable light/temperature conditions poten-
tially occurring as a result of turbulent motions in the sur-
face mixed layer (e.g., Cullen and Lewis, 1988; Geider et al.,
1996). The experimental irradiance conditions applied here
are within the global range of natural environmental con-
ditions. Boreal/austral summer noon surface photosyntheti-
cally active radiation (PAR) approaches 2000 ymol m—2s~1
seasonally and regularly from 40° N to 40° S, and can do so
between 60° N and 60° S (Bouvet et al., 2002). Therefore, the
challenges of abrupt irradiance intensity increases used here
are conceivable in the upper ocean due to displacement in
the vertical light gradient; however, the challenges of abrupt
temperature changes become less likely at the extremes of
the applied range. For temperature, these experiments repre-
sent the natural condition under a limited temperature range
(£4°C around acclimation temperature), but become a test
of physiological capability over a larger temperature range.
The temperature values were based on the previous works
documented in Eppley (1972), Schofield et al. (1998) and
Staehr and Birkeland (2006).

2 Instrumentation and method development
2.1 Incubation and sampling methodology

Figure 1 shows a schematic diagram for the incubation and
sampling methodology. Phytoplankton monocultures were
grown in a climate control room with a constant temperature
of 22°C and a 12 h on/12 h off light cycle at 90 ymol m—2 s~1
and Opmol m—2s~1, respectively. In order to ensure similar
growth conditions for each monoculture, larger bulk samples
were grown for each batch of the cultures; then, smaller vol-
umes were extracted and used for the analysis. The follow-
ing species were grown in 9 L Pyrex bottles for analysis: di-
atom strains — Thalassiosira weissflogii (T. weiss.) (CCMP
1336) and Thalassiosira pseudonana (T. pseud.) (CCMP
1335); prymnesiophyte strains — Pleurochrysis carterae (P.
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Figure 1. Schematic diagram of the experimental setup.

carter.) (CCMP 645); dinoflagellate strains — Karenia bre-
vis (K. brevis) (CCMP 718, CCMP 2229) and Prorocentrum
minimum (P. minim.) (CCMP 1329); and cryptophyte strains
— Rhodomonas salina (R. salina) (UTEX 2423). Larger bulk
samples were prepared in autoclaved filtered seawater and
with an L1-based medium (Sigma-Aldrich, St. Louis, MO).
Samples were then sealed at the top with aluminum foil, to al-
low for air transfer to the culture, and incubated in the climate
control room. Bulk samples were incubated in the climate
control room for 2 weeks for the diatoms, cryptophyte, and
prymnesiophyte species and 3 weeks for the slower grow-
ing dinoflagellate species. These were the approximate time
frames in which each monoculture was able to reach a max-
imum/stable biomass, where growth rate was light-limited
due to self-shading. Monocultures were not axenic, but mul-
tiple steps such as acid washing all glassware and autoclaving
seawater and nutrients were used to reduce the likelihood of
bacterial contamination within the cultures.

Smaller samples (200 mL) of each monoculture were ex-
tracted from the bulk containers and transferred to 250 mL
borosilicate glass flasks for analysis purposes, leaving 50 mL
of gas headspace in each purging vessel. The smaller volume
monocultures were then subjected to different light and tem-
perature regimes. These different regimes were used to assess
differences between normal BVOC emissions and the emis-
sions due to physiological stress-induced effects. An appara-
tus used for assessing the effect of changing incoming solar
radiation for BVOC production of phytoplankton was com-
posed of a tank suspended over six halogen lights (Philips
250 W projector lamp no. 13095) and a circulating water bath
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used to control the temperature within the tank. To vary the
light intensities within the tank, the bottom of the water bath
was lined with several different layers of semi-translucent
fiberglass screens that attenuate a portion of the light reach-
ing the samples. Irradiance inside the water bath was then
measured by a QSL-100 laboratory quantum scalar irradi-
ance meter (Biospherical Instruments, San Diego, CA). A
Neslab CFT-33 refrigerated recirculator (Thermo Fisher Sci-
entific, Waltham, MA) was used to control the water temper-
ature. Emission analysis experiments were carried out to ex-
amine the effects of light and temperature stress on different
phytoplankton species.

For the light-dependent production experiments, four dif-
ferent irradiance intensities were used: 90, 150, 420 and
900 pmol m—2s~1, At the end of the 12 h dark cycle, the bulk
cultures from the climate-controlled room were transferred
to four 250 mL purging vessels placed in the circulating wa-
ter bath kept at 22°C (the same as the climate-controlled
room). The samples were initially purged (in the dark) to re-
move the excess BVOC that may have been generated during
their growth in the climate-controlled room. At time zero,
the lights were turned on and the individual samples were
subjected to one of the respective irradiance intensities de-
fined above. During the 12 h incubation time, samples were
purged and analyzed every ~2h over 12h, leading to a to-
tal of six measurements for each sample. Since cultures were
originally incubated at 12 h of dark and 12 h of light condi-
tions, BVOC emission rates measured at irradiances higher
than 90 pmol m—2 s~ are defined as the light-stress-induced
production. After the 12 h lights-on cycle, the phytoplankton
samples were returned back to the climate-controlled room,
where they were subjected to a 12 h dark cycle. After this
dark cycle, species were placed in the circulating water (at
22 °C) bath again and the same sampling procedure was re-
peated.

For temperature- and light-dependent production exper-
iments, four different water temperatures (18, 22, 26 and
30°C) and six different irradiance intensities (0, 90, 150,
420, 600 and 900 pmol m—2s~1) were used. The sampling
methodology was similar to the light-dependent production
experiments described above. However, due to the large num-
ber of experiments, only two diatom strains (T. weiss. and T.
pseud.) were used for the analysis. The sampling frequency
was also reduced to one purging at the end of the 12h cy-
cle to obtain a broader range of data for variable temperature
and light regimes. At the end of a 12 h cycle, the bulk cul-
tures were transferred to a climate control room and kept in a
full 12 h dark cycle at 22 °C, after which the same sampling
procedure was repeated. Since cultures were originally in-
cubated to an irradiance intensity of 0 and 90 pmolm—2s~1
(on a 12h cycle) at 22°C, the BVOC emission rates mea-
sured for such a sampling setup were defined as the light-
stressed/temperature-stressed production.
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2.2 BVOC analysis

The experimental system consisted of a Varian 450-GC gas
chromatograph (GC) attached to a 220-MS ion trap mass
spectrometer (MS). The GC column was a 25m x 0.32mm
I.D. CP-PoraBOND PLOT Q fused silica column (Varian,
Inc.). Ultra high purity (UHP) helium was used as a carrier
gas for the system. Data collection and analysis were per-
formed with Varian MS Workstation (version 6.X) software
equipped with the National Institute of Standards and Tech-
nology (NIST) library for chemical compound identification.
A pre-concentrating system consisted of a purge and trap
CDS 8000 sample concentrator unit (CDS Analytical, PA)
equipped with a Vocarb 3000 (K Trap) attached in-line with
the GC/MS system.

The following sampling procedure was used for all emis-
sion analyses. The purging vessel (a 250 mL borosilicate
glass Erlenmeyer flask) was sealed at the top with a silicone
stopper and borosilicate glass tubing was used as inlet and
outlet ports. To avoid VOC contamination (e.g., emissions
from plastics or rubber) in connection lines, purging vessels,
or port connections, only borosilicate glass or 316 stainless
steel or high purity silicone tubing (McMaster-Carr Inc., At-
lanta, GA) was used. The inlet was attached to a mixture of
350 ppm CO; balanced with 78 % nitrogen and 21 % oxy-
gen. This gas mixture (a “blanket gas™) was bubbled through
the liquid sample to liberate BVOC in the water into the
headspace of the flask. The blanket gas was used for purg-
ing, as the lab air may have been contaminated by VOCs.
The CO; level in the blanket gas was equivalent to that of
current atmospheric levels. The gas stream was then passed
into the wet trap of the CDS concentrator (set to 200 °C), fol-
lowed by the sorbent trap (set to 40 °C), where the BVOCs
in the gas stream are trapped. After 35 min of purging, the
sample vessel at a flow rate of 0.40 slpm, a solenoid valve in
the CDS concentrator was switched to inline the sorbent trap
with the GC/MS through a transfer line. The trap was des-
orbed for 5 min at 250 °C and transferred to the GC inlet (set
at 250 °C and a split ratio of 10 : 1) through the transfer line
maintained at 250 °C.

The GC column temperature was held at 50 °C for 2 min
followed by a ramp-up of temperature to 250°C at a rate
of 6°Cmin—1. The split ratio was initially set to 10: 1 for
0.75min, then 100 : 1 for 2.25min and finally 20 : 1 till the
end of the run. To avoid a “dead volume” signal in the chro-
matograph, the MS was set at a 5min hold. The MS had
a mass detection range of 35-300mz—1 and ran for the
full duration of the GC program (35.33 min). Each sample
was screened for 38 different compounds (see Table S1 and
Fig. S1 in the Supplement).

Custom-made calibration standards were obtained from
Supelco Analytical at a 1000 pg L1 concentration dissolved
in methanol. A five-point calibration curve was made for
each compound by injecting five decreasing amounts of the
standards into the CDS concentrator. Error or uncertainty of
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the sampling system was quantified through the accuracy,
precision and detection limit. The following statistics were
calculated based on spiked seawater samples subjected to the
same purging analysis as the phytoplankton monocultures.
Seawater was spiked with a known concentration of analytes,
and purged through the CDS concentrator and GC/MS. A to-
tal of eight spiked seawater analyses were conducted. The
relative % error (RE) was computed as

(x —u)

u

RE = x 100,

where x is the measured analyte concentration and u is the
actual analyte concentration.

Accuracy was determined by averaging RE over the eight
identical spiked seawater samples. Precision was determined
by the relative standard deviation (RSD), which was com-
puted as

> (x—¥)?
N-1

RSD = x 100,

where X is the mean analyte concentration and N is the num-
ber of analyses. The detection limit of an analytical system
is normally determined by the lowest detected signal above
a blank background within a 99 % confidence interval, as-
suming a signal to noise (S / N) ratio of 5 (WDNR, 1996).
A blank run through the analytical system showed no dis-
cernible detection of the analytes above a S/ N of 5. An al-
ternative detection limit calculation can be obtained by the
method detection limit (MDL). The MDL is the minimum
concentration of an analyte measured within a 99 % confi-
dence interval by repetitive samples of the analyte in the sam-
ple matrix (WDNR, 1996). Due to the fact that BVOC analy-
sis includes a three-step process (purge and trap by the CDS
concentrator, compound separation by the GC, and detection
by the MS), a comprehensive MDL was calculated for each
compound:

MDL = #(n-1,1-00=0.99) (S),

where ¢ is the student ¢ value based on the number of analyses
(8) at the 99 % confidence level and S is the standard devia-
tion of the analyte concentration. For all analytes, the preci-
sion and accuracy are less than 20 %. The MDL ranges from
3.83 to 7.15 pptv. Table 1 summarizes compound attributes
and error analyses for isoprene and monoterpene species.

2.3 Purging analysis

The water sample was bubbled inside the 250 mL purging
vessels through a Mist Air® glass air stone. The gas inlet
to the vessel was attached to the blanket gas, while the out-
let was attached to a purge and trap CDS concentrator. Each
sample was purged for 35 min at a flow rate of 0.40 slpm. Fol-
lowing the purge, the monocultures were sealed and placed
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back in the water tank. The analysis was based on the princi-
ple of liberating BVOC from the water samples into the gas
stream. To quantify the amount of BVOC recovered by the
purging analysis, purging efficiencies were calculated sep-
arately for each compound and are reported in Table 1. The
purging efficiencies were calculated by spiking seawater with
a known concentration of the standards. Successive purg-
ing steps from the same sample vial were performed un-
til the compound concentrations were below the detection
limit. The purging efficiency was calculated by taking the ra-
tio of the initial purge BVOC concentrations divided by the
sum of the BVOC concentrations over all the purging steps.
The purging procedure was optimized for >90 % purging ef-
ficiency for isoprene and monoterpene species. Calculated
purging efficiencies were comparable to values of >90%
and >95% obtained by a similar analysis from Broadgate
et al. (1997) and Shaw et al. (2003), respectively.

2.4 Biological parameters

At the end of each 12h sampling period, 30 mL of each
monoculture were filtered onto a Whatman GF/F filter.
Chlorophyll a (Chl @) was extracted from the filters with
90 % acetone and the concentration was determined follow-
ing the method of Holm-Hansen and Riemann (1978) us-
ing a Turner fluorometer model no. 450. For the light stress
experiments, another 30 mL of each sample were analyzed
for cell counts and size distributions of phytoplankton cul-
tures. A Coulter® Sample Stand 11 connected to a COULTER
COUNTER analyzer (Coulter Electronics, Inc., Hialeah, FL)
was used to determine the number and size of particles that
were suspended in seawater. Duplicates of both Chl a and
cell counts were taken for each sample container.

Precision was calculated for both Chl a and cell counts
from multiple runs of the same monoculture sample. Simi-
larly to the BVOC calculation, eight replicate samples were
conducted for both Chl a and cell counts. The RSD for Chl a
and cell counts was 19.3 and 15.6 %, respectively.

2.5 Production rate calculation

The corrected analyte mass (Jug) was calculated by dividing
the measured mass (ug) by the purging efficiency using the
method similar to that of Shaw et al. (2003). To account for
the possible presence of the analyte in a blank seawater sam-
ple or in autoclaved seawater after inoculation with the nu-
trient medium, a correction was applied by subtracting the
purging efficiency normalized blank analyte mass from the
corrected analyte mass. The analyte mass was therefore cor-
rected for both purging efficiency and the background mass
in seawater samples. To account for the residual or carry-over
due to the incomplete purging of the compounds from each
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Table 1. Compound attributes and error analysis.

Compound  Formula Ret.time Quanion  Relative Relative standard MDL Purging  RSDrotal

(min) (mz~1)  error (%) deviation (%) (pptv) efficiencies (%) (%)
Isoprene CsHg 13.594 66.8 8.53 4.29 6.04 95.73 25.18
«-Pinene C1oH16 31.083 92.9 10.70 5.10 5.40 94.65 25.34
B-Pinene C1oH16 31.835 93.1 17.43 14.78 7.15 91.28 28.89
Camphene C1oH16 31.134 93.0 11.55 5.06 5.10 92.30 25.33
d-Limonene  CigHig 34.072 67.0 12.60 12.61 3.83 93.70 27.84

sample flask, the final analyte mass was calculated as

. blank corrected
Final =
analyte mass

— [(1 — purging efficiency) x blank corrected :| ,

analyte mass

where P1 and P2 denote the purging step and (1— purging
efficiency) indicates the residual analyte that remained in the
sample flask from the previous purging step.

The calculated final production rates for each trace gas
were normalized by the incubation time (or the time be-
tween purging steps), the volume of the headspace and aque-
ous sample, and Chl a and cell counts. The total uncertainty
(RSDrota)) of production rates for each BVOC was quantified
using the following weighting calculation:

0.5
RSDToal = | (RSD:)? + (RSDeniarce)| -

where RSDrta is the total uncertainty for each BVOC, i
stands for different BVOCs (i.e., isoprene and monoterpene
compounds), RSD; is the uncertainty for each compound
(listed in Table 1), and RSDchi «/cc is the 19.3 % uncertainty
for Chl a measurements or the 15.6 % uncertainty for cell
count measurements. These values were used to constrain
the error bars for each production rate calculation per sample
run.

3 Results
3.1 Light stress

3.1.1 Isoprene production rates

Figure 2 shows isoprene production rates as a function of
time for different light intensities on two successive days.
Since species response to stress can be related to changes in
cellular chlorophyll content, we have chosen to use phyto-
plankton cell number as the base and Chl a concentration as
a supplement to normalize isoprene and monoterpene emis-
sion rates for these experiments (see Figs. 2 and S2 in the
Supplement). Figure 2 shows that isoprene production rates
increase as a function of light intensity on the first day for
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all six phytoplankton species examined in this study. This
result is consistent with most previous studies (e.g., Shaw
et al., 2010), suggesting that isoprene production in algae
species is linked to photosynthetic activities. Isoprene pro-
duction rates in four of the phytoplankton species (T. weiss.,
T. pseud., P. carter,, and R. salina), excluding the two di-
noflagelletes (i.e., P. minim. and K. brevis), also reveals a
large increase within the first 4 h of the experiment, followed
by a considerable fall (see Fig. 2). A particularly large in-
crease by a factor of 4 was observed for the diatom species
(Fig. 2a, b), followed by the prymnesiophyte and cryptophyte
strains (Fig. 2c, d). The dinoflagellates (P. minim., K. bre-
vis) exhibited high isoprene production rates on initial ex-
posure to high light without a lag period. After 4 h, the iso-
prene production rates decreased for all species and remained
constant for the rest of the 12 h sampling period. It should
be noted that the enhancements in isoprene production rates
are particularly pronounced for higher irradiance intensi-
ties (i.e., 420 or 900 umolm=2s~1). The highest isoprene
production rates of 1.8 x 10~1" and 1.5 x 10~17 gcell=1 h~1
(i.e., 31.5 and 34.7 ug (g Chl @)~ h—1) were recorded for T.
weiss., and T. pseud., respectively, followed by R. salina., P.
minim., P. carter., and K. brevis of 9.0 x 1018, 8.9 x 1018,
6.0x 10718 53x 10 8 gcell-*h~! (ie., 6.4, 15.3, 12.9
and 9.9ug (gChla)~1h=1), respectively. Recently, Bon-
sang et al. (2010) also reported similar light-intensity-
dependent isoprene production rates from some of the tem-
perate diatom species, although the maximum intensity of
100 pmol m—2 s~ for their simulated diurnal cycle is consid-
erably lower compared to the irradiances used in this study.
Overall, when averaged over the entire 12 h cycle, all species
show a rapid increase in isoprene production at low irra-
diance levels (<150 umolm—2s~1), and a gradual increase
at intermediate irradiance levels (150 to 420 pmolm—2s~1)
until the light saturated production rates were reached (see
Fig. S3 in the Supplement).

Figure 2 reveals very different isoprene production rates
for T. weiss., T. pseud., P. carter. and R. salina on the sec-
ond day (after 12 h of the dark cycle). These species show
generally higher isoprene production rates at the beginning
of the experiment. Isoprene production rates for the diatoms
are a factor of 5 higher compared to the first 2h of day 1,
but comparable to the emission levels reached at the end of
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Figure 2. Light stress production rates for isoprene (gcell=1 h—1) as a function of time during the first (0 to 12 h) and second (12 to 24 h)
light cycles. Note that there was a 12 h dark period between the two five-point sample sets and that the first samples in each set were collected
2 h after lights on. Error bars denote the RSDgtq) Value listed in Table 1.

the 12 h light cycle on the first day. Diatoms also do not re-
veal the light-saturated maximum rate in isoprene produc-
tion characteristic of the first day. The cumulative production
rates of isoprene for these species are generally higher dur-
ing the second day compared to the first one (see Fig. S3). For
the dinoflagellates (P. minim., and K. brevis), the second-day
isoprene production rates exhibit patterns that more closely
resemble those of the first 12 h. Table 2 summarizes isoprene
production rates from all six phytoplankton species at differ-
ent irradiance levels averaged over a 12 h period on the first
day.

3.1.2 Monoterpene production rates

Figure 3 shows phytoplankton production rates for a-pinene,
which was the highest of all monoterpene species exam-
ined in this study. Comparison of Figs. 2 and 3 shows that,
for the first 12h period, diatom production rates for iso-
prene and «-pinene exhibit a considerable increase within
the first 4h of the experiment, followed by a decline. Ac-
cording to Fig. 3a, b, the highest «-pinene production rates
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in diatoms are 5.1 and 4.4 x 10719 gcell=1h—1 (i.e., 1.0 and
1.1ug (g Chl @)~y h~1) for T. weiss., and T. pseud., respec-
tively, and are more than an order of magnitude lower com-
pared to isoprene. Other strains (i.e., prymnesiophyte, di-
noflagellate and cryptophyte) do not exhibit marked changes
in a-pinene production rates with time on day 1 (see Fig. 3c,
d). During a second 12 h exposure on day 2, there was no
increase in «-pinene production rates for T. Weiss., while the
rest of the algae species either showed considerable increases
(i.e., T. pseud. and P. carter.) or exhibited few discernible
differences. According to Fig. 3, a-pinene production rates
for K. brevis exhibit a considerable increase within the first
4 h of the light exposure on day 2. Increases in monoterpene
emissions on day 2 seem to be common for K. brevis, as it
was detected for all the monoterpenes measured in this study.
Overall, when averaged over the entire 12 h cycle, a-pinene
production patterns are similar to those of isoprene, with a
rapid increase at low irradiance levels (< 150 pmolm—2s~1)
and with a gradual increase for intermediate irradiance levels
(150 to 420 umol m—2s~1) until the light saturated produc-
tion rates are reached (see Fig. S4 in the Supplement).

Biogeosciences, 12, 637-651, 2015
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Table 2. Isoprene and monoterpene production rates from phytoplankton monocultures averaged over a 12 h period on the first day.

K. brevis
900 420 150 90

P. minim.

900 420 150 90

R. salina
900 420 150 920

T. weiss.

900 420 150 90

T. pseud. | P. carter.
900 420 150 90 ‘ 900 420 150 90

pmolm—2s~1 | pmolm—2s~1 | pmolm~—2s~1 | pmolm—2s~1 | pmolm—2s~1 | pmolm~—2s~1
Isoprene 172 180 137 70 | 176 157 118 8.4 6.9 6.4 54 4.9 8.7 9.9 7.3 57 | 122 107 9.0 5.6 6.3 5.8 58 54
ugram (g Chl a)~1h=1
Isoprene 115 149 123 318 | 109 102 796 6.75 | 467 446 370 246 | 690 723 516 414|801 910 649 375|408 475 391 3.60
x 1020 moles (cell)~1h—1
a-Pinene 465 557 384 132|551 568 352 219|291 284 233 164 | 269 419 464 299 | 399 398 293 203|599 537 401 297
x 10 pgram (g Chl ¢)~1h~1
a-Pinene 155 231 173 030|171 184 121 0.88 | 1.00 099 081 041|106 152 174 109 | 131 170 105 060 | 1.93 222 135 0.99
x 102 moles (cell)~Lh—1
Camphene 066 166 028 075|107 041 18 015|074 072 045 023|052 076 041 029 | 120 044 082 107 | 082 081 060 052
x 100 ugram (g Chl a)~1h~1
Camphene 220 223 127 135|330 133 312 059|197 151 075 058 | 171 276 155 090 | 3.10 154 294 355|218 333 165 0.76
x 1022 moles (cell)~Lh—1
B-Pinene 254 436 334 744|798 122 415 6.02 | 566 465 057 182 | 114 227 409 202|125 182 159 265|091 125 102 0.68
x 100 pgram (g Chl a)~1h=1
B-Pinene 085 1.81 151 169 | 247 395 201 243|193 162 021 057 | 047 082 154 073|041 077 056 090 | 028 053 036 024
x 1022 moles (cell)~Lh—1
d-Limonene 361 486 167 041 | 166 504 213 042|077 116 194 036 | 117 137 076 118 | 346 520 245 199 | 196 161 186 0.88
x 10 pgram (g Chl ¢)~1h~1
d-Limonene 121 200 750 093 | 515 131 871 170 | 262 402 6.72 091 | 463 502 284 432|114 177 877 6.60 | 6.34 666 627 290
x 1022 moles (cell)~1h—1
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Figure 3. Light stress production rates for a-pinene (g cell=1 h—1) as a function of time during the first (0 to 12 h) and second (12 to 24 h)
light cycles. Note that there was a 12 h dark period between the two five-point sample sets and that the first samples in each set were collected
2 h after lights on. Error bars denote the RSDgtq Value listed in Table 1.
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Emission patterns of d-limonene, camphene and B-pinene
(not shown) were similar to that of «-pinene, but at consid-
erably lower rates. Although monoterpene species were de-
tected at all levels (with enhanced rates for higher levels of
irradiance), very low emission rates made detection sporadic.
For example, B-pinene was present at some purging steps,
but not others. Table 2 summarizes 12 h averaged monoter-
pene production rates from six phytoplankton species at dif-
ferent irradiance levels. According to Table 2, the average
contribution to the total monoterpene production for all phy-
toplankton species was ~ 70% from «-pinene, ~ 20 % for
d-limonene, and <10 % for camphene and B-pinene. Com-
pared to isoprene, total terpene emission was an order of
magnitude lower for all phytoplankton species at all light lev-
els (see Table 2).

3.2 Temperature and light stress
3.2.1 Isoprene production rates

Temperature dependence of isoprene emissions has been
noted for both terrestrial and marine photosynthetic organ-
isms. Increasing temperature was shown to enhance isoprene
emissions to a maximum production rate until a certain tem-
perature is reached, beyond which further increases in tem-
perature were shown to cause a decline in isoprene emissions
(Guenther et al., 1993; Harley et al., 1996; Shaw et al., 2003).
As mentioned above, bulk cultures in this study were ac-
climated to an irradiance intensity of 90 pmolm~—2s~1 and
22°C. So, any temperature and/or irradiance levels different
from these values are expected to cause short- and long-term
changes to the plankton photosystem intended to establish
balanced growth. The effects of such changes on isoprene
production by algae species are explored below.
Temperature- and light-dependent experiments were con-
ducted for the two diatom species, T. weiss. and T. pseud.,
and samples were averaged over two successive 12h cy-
cles. Such a long averaging time does not allow monitor-
ing of short-term responses of phytoplankton to tempera-
ture and light stresses. Also, due to the absence of the cell
count data, all flux values are normalized with respect to
Chl a, which may change due to photoacclimation. Neverthe-
less, Fig. 4 shows some interesting features for isoprene pro-
duction rates. According to Fig. 4, under the low irradiance
regime (i.e., < 90 umol m—2 s~ 1), temperature variability has
a minor effect on isoprene production for two diatom species.
Isoprene emission rates by T. weiss. and T. pseud. tend to
be lower at 18°C for all light levels. Emissions increase,
with the temperature reaching its highest levels around 22
to 26 °C. Further increases in temperature cause a consid-
erable decline in isoprene production rates. However, careful
inspection of Fig. 4 shows that temperature can influence iso-
prene production rates in diatoms exposed to the high irradi-
ance regime (i.e., > 150 ymol m—2s~1). Figure 4 also shows
differences in the 12 h averaged isoprene production rate be-
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tween the two successive days. For T. pseud., the maximum
production rate on the first day is reached at 22°C for all
irradiance levels while, on the second day, the production
rate peaked at 26 °C for lower irradiance levels (i.e., below
150 umol m—2s~1) and at 22 °C for higher irradiance levels
(i.e., above 150 pumolm—2s~1). Overall, Fig. 4 shows that,
for all temperature and light levels, higher isoprene produc-
tion rates are reached on the second day. A similar conclusion
was previously reached for isoprene production as a function
of light stress only (see Sect. 3.1.1). Table 3 summarizes 12 h
averaged isoprene production rates for two diatom species at
different temperature and irradiance levels.

3.2.2 Monoterpene production rates

Unlike isoprene, monoterpenes in terrestrial vegetation can
be stored in leaves and be released relatively quickly on a
timescale of minutes to hours. Monoterpene emitting terres-
trial vegetation has been found to have a higher tempera-
ture than light dependencies (Koppmann and Wildt, 2007). If
something similar was true for phytoplankton, one would ex-
pect enhanced monoterpene emission rates for temperatures
higher than 22 °C (the temperature at which species were ac-
climated) with emission patterns distinct from those of iso-
prene.

Figure 5 shows that 12 h averaged «-pinene emission on
two successive days is similar to that of isoprene (see Fig. 4),
although at considerably lower rates. For T. weiss., a-pinene
production rates for both days are highest at 26 °C. For T.
pseud., a-pinene production rates peak at a lower tempera-
ture (22 °C) at irradiance levels > 150 pmol m—2s~1, Table 3
summarizes 12 h averaged monoterpene production rates for
two diatom species at different temperature and irradiance
levels.

4 Discussion

A large number of recent studies have attempted to elucidate
the mechanisms as well as the purpose behind the formation
and emission of isoprene and monoterpenes from terrestrial
plants. Despite this, the biological as well as ecological role
and evolutionary aspect for the production of these BVOCs
by vascular plants is not fully understood. Even less is known
about their emissions from phytoplankton. However, as both
isoprene and monoterpenes are formed in primary produc-
ers as a by-product of photosynthetic metabolism, to explain
our findings, we will take a reductionist approach and pre-
sume similarities in isoprene and monoterpene biosynthesis
between better known terrestrial vegetation and lesser known
phytoplankton. Production of isoprene and monoterpenes in
plants proceeds through a methylerythritol phosphate (MEP)
metabolic pathway that is strongly tied to photosynthesis of
primary producers through chlorophyll and carotenoid syn-
thesis (Lichtenthaler, 2009). Lichtenthaler (1999) provided

Biogeosciences, 12, 637-651, 2015
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Table 3. Isoprene and monoterpene production rates from phytoplankton monocultures averaged over a 12 h period on the first day*.

\ T. weiss.

T. pseud.

‘900 600 420 150

\ pmolm—2s~1

|
90 0\ 900 600 420 150 90 0
|

pmolm—2s~1

Isoprene 18°C | 125 118 10.7 104
pgram (@Chla)~th—1 22°C | 189 177 161 156
26°C | 208 163 943 804
30°C | 139 109 7.71 7.46

5.87 143 | 164 142 799 748 371 1.33
8.85 216 | 202 232 180 133 694 13
6.64 238 | 125 147 147 131 7.04 1.68
6.81 182 | 141 162 126 930 4.85 091

a-Pinene x 10 18°C | 1.93 233 204 233
pgram (gChla)~th—1 22°C | 290 346 3.12 352
26°C | 409 7.04 528 335
30°C | 1.36 0.80 068 085

040 0.284 | 255 284 261 380 153 0.284
0.57 040 | 352 380 312 426 165 0.341
0.45 045 | 267 278 272 182 136 0.114
0.45 034 | 244 267 221 295 114 0.227

Camphene x 100 18°C | 342 341 343 341
pgram (@Chla)~1h—1 22°C | 454 458 454 454
26°C | 1.14 454 114 114
30°C | 6.82 342 227 341

795 <DL | 341 227 218 341 568 1.14
12.5 114 | 681 341 114 170 227 <DL
9.08 112 | 341 318 454 681 454 1.14
910 <DL | 454 227 795 114 227 <DL

d-Limonene x 10 18°C | 284 148 0.34 238
ugram (gChla)~th=1 22°C | 420 227 045 352
26°C | 715 295 0.34 3.86
30°C | 1.02 1.02 023 068

034 <DL | 216 114 114 0091 1.7 0.34
045 <DL | 159 068 318 045 0.45 0.14
0.34 001 | 091 159 148 136 034 023
034 <DL | 1.14 057 227 034 032 0.11

* DL - detection limit
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Figure 4. The 12 h averaged isoprene production rates (ug (gChl a)_l h=1) for the first (left column) and second (right column) light cycles
as a function of temperature. Error bars denote the RSDptq Value listed in Table 1.

a detailed description of the MEP pathway, where a chain
of enzymatic processes leads to the formation of dimethy-
lallyl diphosphate (DMAPP) and isopentenyl diphosphate
(IPP). DMAPP then through isoprene synthase can lead to

Biogeosciences, 12, 637-651, 2015

isoprene formation, while both DMAPP and IPP can form
monoterpene species. Production and expulsion of isoprene
and monoterpenes from primary producers is very energy
costly (Sharkey and Yeh, 2001). The basic hypothesis is that
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Figure 5. The 12 h averaged «-pinene production rates (ug (gChl @)~ h—1) for the first (left column) and second (right column) light cycles
as a function of temperature. Error bars denote the RSDytq) Value listed in Table 1.

there is an advantage to gain by photosynthesizing organ-
isms to emit isoprene. Some advantages in terrestrial plants
include thermotolerance, use as an anti-oxidant from atmo-
spheric oxidants like ozone, an energy “release valve” or a
mechanism to get rid of unwanted metabolites or energy,
flowering response, and insect defense (Sharkey et al., 2008).
Unlike isoprene that is not stored within the leaf and is emit-
ted as soon as it is formed (Delwiche and Sharkey, 1993),
many terrestrial plants have special storage organelles either
in leaf-internal structures (e.g., secretory cavities and secre-
tory canals or ducts) or in structures located on the surface of
the leaf (e.g., trichomes) where monoterpenes can be stored.
Other parameters such as light, drought, and herbivore attack
can also affect the monoterpene emissions from terrestrial
vegetation, though the emission rate has been shown to in-
crease exponentially with leaf temperature (Koppmann and
Wildt, 2007).

Similar to vascular plants, phytoplankton attempt to find a
balance between energy from light reactions in chloroplasts
and the energy used for metabolic processes and carbon fixa-
tion (Geider et al., 1996). Perturbations under different envi-
ronmental conditions (e.g., light and temperature) can disturb
the balance in chloroplasts and force primary producers to
adjust or acclimate physiologically (Cullen and Lewis, 1988;
Huner et al., 1998). For a short-term modulation of energy
flow to the photosynthetic reaction centers, accessory pig-
ments in plants can help dissipate excessive photon flux (hon-
photochemical quenching) on the timescale of minutes (Mac-
Intyre et al., 2002). When the short-term responses are insuf-
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ficient for dealing with prolonged changes in light, longer-
term responses (on the order of hours or days) to high irradi-
ances can include the reduction in the quantum efficiency of
photosystems by a decline in Chl a, the light harvesting an-
tennae, and accessory pigments, as well as a decrease in the
number of photosystem reaction centers and changes in elec-
tron transfer chain components and Calvin cycle enzymes
(Maclintyre et al., 2002). Photoacclimation is complete when
a condition of “balanced” growth has been achieved (Gei-
der et al., 1996). Results from the first day of the experiment
seem to be consistent with this picture. For the experimental
irradiances above 150 pmol m—2s~1 (that well exceeded the
90 pmol m—2s~1 at which species were acclimated), two di-
atoms, primnesiophyte, and cryptophyte strains showed large
increases in the production rates of isoprene and monoter-
penes within the first 4 h of the experiment. This result in-
dicates that initial pigment adjustment, related to the xan-
thophyll cycle or other non-photochemical quenching, was
not enough to dissipate the excess energy, and the balance
between the photosynthetic reaction centers was disrupted;
i.e., species experienced initial photoinhibition. After sev-
eral hours, the photoacclimation of species caused a sharp
reduction in isoprene and monoterpene emission rates. It
should be noted that the two dinoflagellates showed a dif-
ferent pattern in BVOC production that may be related ei-
ther to the mechanical stress on phytoplankton from bubbling
of air through the sample and/or to differences in photoac-
climation response. Previous work has shown that mechan-
ical stress, by sparging or shaking dinoflagellate cells, can
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cause an increase in BVOC emissions (Wolfe et al., 2002).
Different methods for the partitioning of BVOCs into the
headspace may be needed to avoid the shear stress on the
dinoflagellates caused by the air bubbling. Past studies have
also revealed interspecific variability in quantum efficiency
of photosynthesis between different algae species acclimated
under the same conditions. The lowest values of quantum ef-
ficiency were reported for dinoflagellates, while the highest
values were found in diatoms (Langdon, 1988).

On the second day of the experiment, species showed
higher and relatively steady BVOC emission rates compared
to the first day. As production of isoprene and monoterpenes
is directly related to the cell metabolism, elevated emission
rates at higher light levels may simply indicate a delayed ad-
justment in dark reactions. The Chl a to cell number ratio for
cultures was generally lower on the second day compared
to the first one, suggesting the reduction in the Chl a syn-
thesis rate as part of the species’ photoacclimation process.
Elevated emission rates on day 2 may also suggest that the
photoresponse mechanism applied during the first day was
associated with chlorophyll decline and that the second-day
exposure required a continued adjustment in dark reactions to
re-establish long-term photoacclimation. Overall, the results
suggest that 2 days were not sufficient for the tested species
to attain steady-state photoacclimation to the imposed light
changes and that longer experiments may be needed to de-
scribe isoprene and monoterpene production fully over the
full photoacclimation period (Geider et al., 1996). These re-
sults also suggest that future studies in this area should report
emission rates normalized to cell number as well as Chl a.

Although temperature is perhaps one of the most important
environmental factors that influences algal growth rate, cell
size, biochemical composition and nutrient requirements, our
measurements with simultaneous occurrences of elevated
light and temperature levels show that temperature variabil-
ity alone has a minor effect on isoprene and monoterpene
production rates from the phytoplankton. Previous studies of
marine cyanobacteria acclimated to a different temperature
over the entire range for growth did not reveal a clear re-
lationship between isoprene emission rates and temperature,
leading to the suggestion that, unlike terrestrial plants, phyto-
plankton are exposed to more stable and lower temperatures
on average, and would not need to emit isoprene for thermal
protection (Shaw et al., 2003). However, our results suggest
that, when combined with the light stress, temperature stress
can influence isoprene and monoterpene emissions from phy-
toplankton. Based on our results, BVOC emission patterns
for dual (temperature and light) stress conditions can be clus-
tered in three major regions. For temperatures lower than the
one at which phytoplankton was acclimated, production rates
of isoprene and monoterpenes are consistently lower for all
light levels examined in this study. Such behavior is in agree-
ment with exponential reduction of specific growth rates of
algae cultures suggested by Eppley (1972) related to a Q19
temperature relationship. Lower temperatures also cause an
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increase in the levels of unsaturated fatty acids inside the
cell, making the membranes more susceptible to damage by
free radicals (Juneja et al., 2013). Increasing temperatures
beyond the species’ tolerance induces the marked reduction
in the growth rate (Boyd et al., 2013). Both diatoms exam-
ined in this study reveal consistently lower BVOC emission
rates at 30 °C. Discrepancies between T. weiss. and T. pseud.
are likely to be associated with species- and strain-specific
levels of supraoptimal temperatures (Juneja et al., 2013). In
between two temperature extremes, isoprene and monoter-
pene emission rates reveal complex patterns that cannot be
easily interpreted, but that probably are related to variable
species-specific imbalances between light and dark reactions
(Geider et al., 1996). Since simultaneous occurrences of el-
evated ocean temperature and stratification are among the
most likely phenomena associated with global change, ad-
ditional measurements (including time-dependent fluxes of
BVOC under temperature and light stress conditions) need
to be conducted for both acclimated and instantaneous envi-
ronmental responses. Real ocean phytoplankton populations
will encounter and will respond to both short-term (vertical
mixing) and long-term (interannual increases) exposures to
altered global climate change environments.

Despite large discrepancies in emission rates, the great
similarity between emission patterns of isoprene and
monoterpenes revealed in this study suggests that monoter-
penes — like isoprene — may be emitted from phytoplankton
as soon as they are produced. Shipboard measurements dur-
ing a field campaign in the southern Atlantic Ocean also re-
vealed a positive correlation (R2 =0.57) between «-pinene
and isoprene within the bloom region (Yassaa et al., 2008).

5 Conclusions

In this study, we quantified production of isoprene and
four different monoterpene compounds («-pinene, S-pinene,
camphene and d-limonene) from six phytoplankton mono-
cultures as a function of different irradiance and temper-
ature regimes. Our measurements confirmed that both iso-
prene and monoterpene production from marine algae can be
influenced by variability in light and temperature. Isoprene
and monoterpene emission patterns were similar regardless
of whether production rates were normalized by cell num-
ber or Chl a concentration. Emission rates were found to
increase sharply when low-light acclimated phytoplankton
were subject to higher irradiances of up to 900 umolm—2s—1,
reaching the maximum isoprene and sum of all monoterpene
production rates of ~25 and ~1.5ug (gChl a)~1s™1, re-
spectively, for diatom species. On average, it was found that
the contribution to the total monoterpene production for all
phytoplankton examined here was ~70% from «-pinene,
~20% for d-limonene, and <10% for camphene and 8-
pinene. Production rates were found to increase sharply start-
ing at 150 umolm—2s~1, and continued at a higher rate up to
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900 pmol m—2s~1. This result is consistent with most previ-
ous studies, suggesting that isoprene and monoterpene pro-
duction from phytoplankton is linked to photosynthetic activ-
ities. However, unlike previous studies that examined time-
averaged BVOC emission rates from phytoplankton subject
to temperature and light regimes different from the one at
which bulk cultures were incubated, here we explore time-
dependent emissions over two successive days. Moreover,
this study explored phytoplankton response to the joint ef-
fect of variable light and temperature conditions.

To our knowledge, this is the first work that has explored
isoprene and monoterpene production rates from microalgae
species as a function of both step changes in light and tem-
perature over 2 days, making it difficult to compare our re-
sults with other studies. Despite this, we believe that results
presented in this study contribute to understanding the phys-
iology behind the production of BVOCs by marine algae.
For BVOCs examined in this study, air-sea exchange is the
dominant loss term at all oceanic latitudes due to their low
Henry law constants (e.g., Palmer and Shaw, 2005; Gantt et
al., 2009). Therefore, experimental results presented here can
lead to improved prediction of changes in natural emissions
and help to understand variability in the abundance and spa-
tial distribution of different algae species under changing en-
vironmental conditions. As changes in isoprene and monoter-
pene production were suggested to be associated with se-
quential responses to photoinhibition experienced over an
extended time period, experimental length needs to be ex-
tended to more than 2 days to determine if prolonged expo-
sure to altered light and temperature conditions would result
in reduction of isoprene and monoterpene production once
photoacclimation is complete. Future studies should also as-
sess the effect of growth phase (Kameyama et al., 2011) on
BVOC production rates from various phytoplankton species.
The experiments should also be rerun using the same phy-
toplankton species and experimental conditions to check the
repeatability of the results. Finally, in addition to light inten-
sity and temperature, future studies should also examine the
effects of CO, levels, seawater pH, nutrient availability, and
the presence of other organisms on isoprene and monoter-
pene production from phytoplankton.

The Supplement related to this article is available online
at doi:10.5194/bg-12-637-2015-supplement.
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