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Abstract

We conducted a series of experiments to examine short-term (2-5 days) effects of abrupt
increases in the partial pressure of carbon dioxide (pCO,) in seawater on rates of primary
and bacterial production at Station ALOHA (22°45’ N, 158° W) in the North Pacific Subtropi-
cal Gyre (NPSG). The majority of experiments (8 of 10 total) displayed no response in rates
of primary production (measured by '*C-bicarbonate assimilation; **C-PP) under elevated
pCO, (~1100 patm) compared to ambient pCO, (~387 patm). In 2 of 10 experiments, rates
of "C-PP decreased significantly (~43%) under elevated pCO, treatments relative to con-
trols. Similarly, no significant differences between treatments were observed in 6 of 7 experi-
ments where bacterial production was measured via incorporation of ®H-leucine (°H-Leu),
while in 1 experiment, rates of SH-Leu incorporation measured in the dark (SH-LeuDark)
increased more than 2-fold under high pCO, conditions. We also examined photoperiod-
length, depth-dependent (0—125 m) responses in rates of '*C-PP and ®H-Leu incorporation
to abrupt pCO, increases (to ~750 patm). In the majority of these depth-resolved experi-
ments (4 of 5 total), rates of "*C-PP demonstrated no consistent response to elevated
pCOs. In 2 of 5 depth-resolved experiments, rates of SH-Leupark incorporation were lower
(10% to 15%) under elevated pCO, compared to controls. Our results revealed that rates of
4C-PP and bacterial production in this persistently oligotrophic habitat generally demon-
strated no or weak responses to abrupt changes in pCO,. We postulate that any effects
caused by changes in pCO, may be masked or outweighed by the role that nutrient avail-
ability and temperature play in controlling metabolism in this ecosystem.
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Introduction

Human socioeconomic activities, specifically fossil fuel combustion, cement production, and
changes in land use, have resulted in progressive increases in atmospheric and oceanic carbon
dioxide (CO,) inventories [1]. The ocean is a globally important net sink for CO,, and as such,
increases in atmospheric CO, have raised seawater pCO,, with concomitant decreases in sea-
water pH [2-5]. However, studies examining the effects of changes in seawater carbonate
chemistry on plankton productivity in open ocean ecosystems are relatively scarce. While an
appropriate null hypothesis could be that ocean acidification may lead to no significant
changes in microbial contributions to biogeochemical cycling [6], testing such a hypothesis
demands rigorous experimental evidence. Previous results and observations suggest that,
either as individual species or microbial assemblages, marine microbial physiology may be
affected by increases in pCO, [7-14]. However, the reported signs and magnitudes of the
effects vary [14]. Whether these changes in microbial physiology are large enough to impact
ocean biogeochemical cycles remains an important unanswered question.

To date, relatively little is known about the capacity of phytoplankton to adapt or acclimate
to changes in the seawater carbonate system, which are likely to have complex influences on
ocean biology. Most contemporary lineages of phytoplankton evolved during periods in
Earth’s history when atmospheric and oceanic CO, inventories were considerably greater than
today [15,16]. Indeed, for many algal species ribulose-1,5-bisphosphate carboxylase/oxygenase
(RuBisCO), the enzyme that catalyzes the initial steps of carbon fixation, is less than half satu-
rated at present day pCO, [17]. As a consequence, many algae, including cyanobacteria, appear
to possess mechanisms for concentrating CO, [18]. Experiments examining the effects of ele-
vated pCO, on natural phytoplankton communities have yielded enigmatic results; in several
studies, rates of production have increased under elevated pCO, [9,14,19], although in other
cases, no significant changes in rates of production have been observed [20,21]. There is also
compelling evidence that the decline in carbonate ion concentrations that accompanies
decreases in seawater pH can be detrimental to the growth of calcifying microorganisms [7],
although this appears species-specific [22] and may not apply in the tropical oceans [23]. Addi-
tionally, decreases in seawater pH could affect other aspects of seawater chemistry, including
altering availability of nitrogen substrates (i.e. decreasing ammonia relative to ammonium)
and iron, with concomitant impacts on key processes in the marine nitrogen cycle [13,24].

Numerous laboratory-based pCO, manipulation studies have examined the response of
specific organisms to changes in seawater carbonate chemistry, where growth conditions are
controlled and organisms are generally examined in isolation [12,25]. Other studies have
examined natural planktonic communities, including work in the oligotrophic open ocean
[8,9,20,21]. Recent mesocosm experiments conducted in nearshore waters found that elevated
pCO, shifted the partitioning of carbon fixed via photosynthesis from the particulate to the
dissolved phase [26] and increased bacterial growth [10]. These intriguing results highlight the
need for experiments examining the effects of increased pCO, on plankton growth in the open
ocean, where a major fraction of global productivity occurs [27] with a significant fraction of
the production being partitioned into the dissolved phase which supports the microbial food
web [28]. Increasing seawater pCO, could impact heterotrophic bacterial growth, through
both direct changes to metabolic rates, for example alteration of enzymatic activities [29-31],
or indirectly through changes in organic matter production or substrate lability [10,32]. Even
small changes in rates of bacterial consumption of organic matter could have a large impact on
carbon and nutrient cycling.

In this study, we conducted abrupt perturbations to the seawater carbonate system in the
waters of the oligotrophic North Pacific Subtropical Gyre (NPSG) to artificially alter seawater
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pCO, to conditions projected for the surface ocean within the next 50 to 100 years [1]. During
these experiments, we examined how such abrupt changes in pCO, influenced rates of primary
and bacterial production in the near-surface ocean during a series of incubation experiments
(2-5 days in duration). We also conducted a series of short-term (~12 hours; photoperiod)
depth-resolved experiments to evaluate possible influences of increased pCO, on microbial
production throughout the euphotic zone (0-125 m). Experiments were conducted in the
open ocean of the NPSG, one of the largest biomes on the planet, and hence in an ecosystem
that plays a major role in the global cycles of bioelements.

Materials and methods
Experimental design

All seawater carbonate system manipulation experiments were performed on Hawaii Ocean
Time-series (HOT) program cruises to Station ALOHA (22° 45" N 158° W), the field site of
the HOT program (between June 2010 and September 2012) or during two process cruises
conducted in the vicinity of Station ALOHA (August 2010 and March 2011; Fig 1). Two types
of carbonate system manipulation experiments were performed. The first kind of experiments
(hereafter “bubbling”) were performed as described in Béttjer et al. [21]. Briefly, near-surface
(5-25 m) ocean seawater was collected near midnight using polyvinyl chloride sampling bot-
tles attached to a conductivity-temperature-density (CTD) rosette, and subsampled from CTD
rosette bottles under minimal light into acid-washed 20 L polycarbonate carboys fitted with
sterile caps with ports for introducing and venting gases. After filling, carboys were placed
into shaded (~50% surface irradiance) surface seawater-cooled incubators. Targeted pCO, lev-
els were attained by bubbling control carboys with air (~387 patm pCO,) and treatment car-
boys with a mixture of air and CO, (targeting ~750 or ~1100 patm pCO,) for 6-8 hours (< 3 L
min"'). Mixing and delivery of air or mixed air and CO, was regulated by use of mass flow con-
trollers. During the initial 6-8 hours of bubbling, subsamples were collected regularly for mea-
surements of seawater pH (see below for methods), and together with measurements of total
alkalinity (TA) were used to estimate seawater pCO, using the ‘seacarb’ package [33] in the R
statistical environment, with default settings for the carbonate dissociation constants [34-37].
Once the target pCO, was reached, the rate of bubbling was reduced (< 1.5 L min™) for the
duration of the experiment. Subsequent sampling was conducted before dawn at each time
point, with the initial sample taken post equilibration considered the beginning of the experi-
ment. Sampling was performed by applying positive pressure to the carboys and subsampling
for measurements of TA, dissolved inorganic carbon (DIC), chlorophyll a, '*C-based primary
productivity (**C-PP), and rates of *H-leucine (*H-Leu) incorporation (as a proxy for bacterial
production).

Additional CO, perturbation experiments were conducted at either ambient (~387 patm)
or elevated (~750 patm) seawater pCO, to evaluate depth-dependent responses in '*C-PP and
’H-Leu incorporation to perturbation of the seawater carbonate system. For these experi-
ments, samples were incubated in situ to simulate the vertical gradients in light and tempera-
ture representative of the depths from which samples were originally collected and rates of
C-PP and *H-Leu incorporation were measured. Seawater was collected before dawn from
six euphotic zone depths (5, 25, 45, 75, 100, and 125 m) and subsampled from the CTD rosette
bottles under minimal light into acid-washed 20 L polycarbonate carboys. These carboys were
left untreated (controls) or amended with trace metal grade hydrochloric acid (43 mL of 0.1 N
HCI) to increase pCO, to ~750 patm (elevated pCO, treatments) while minimizing potential
changes to TA through additions of sodium bicarbonate (4 mmol). Once the carboys had been
amended, seawater from each depth was subsampled into triplicate acid-cleaned 500 mL
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Fig 1. Chlorophyll concentrations and station locations. Satellite ocean color image depicting distributions and concentrations of
near-surface ocean chlorophyll a (ug/ L) in the proximity of the Hawaiian Islands on August 21, 2010 (panel A). This image was
derived from MODIS Aqua data using the color index (CI) algorithm [38] with no flags applied. The locations of the three stations
occupied in August 2010 are also indicated; Station ALOHA is depicted as a circle, while stations S1 and S2 are depicted by triangles.
Depth profiles of chlorophyll a during the depth-dependent experiments are also shown (panel B).

https://doi.org/10.1371/journal.pone.0193405.9001

polycarbonate bottles and acid-cleaned 40 mL polycarbonate centrifuge tubes for subsequent
measurements of '*C-PP and *H-Leu incorporation, respectively. Following addition of radio-
active substrates (see below), these bottles and tubes were affixed to a free-drifting array and
incubated in situ at the depths of sample collection for the duration of the photoperiod (dawn
to dusk).

Measurements of TA, DIC, and pH

Seawater samples for DIC and TA were collected from each carboy at every time point to eval-
uate the stability of the carbonate system during bubbling. Samples for determination of car-
bon system components (TA, DIC, and pH) were collected and analyzed following HOT
program protocols [5,39]. DIC and TA samples were collected from carboys into precom-
busted 300 mL borosilicate bottles. Care was taken to avoid introducing bubbles into the sam-
ple during filling, and bottles were allowed to overflow three times during filling. Once filled,
each sample was immediately fixed with 100 pL of a saturated solution of mercuric chloride;
bottles were capped with a grease seal, and stored in the dark for later analysis. DIC concentra-
tions were determined coulometrically using a Versatile INstrument for the Determination of
Total inorganic carbon and Titration Alkalinity 3S (VINDTA) system [40]. TA was deter-
mined using an automated, closed-cell potentiometric titration. The precision and accuracy of
these measurements were validated by comparison to a certified seawater CO, reference sam-
ple [40], with accuracies of approximately +3 umol L™ for TA and +1 umol L™ for DIC. Seawa-
ter pH (measured at 25°C) was analyzed using spectrophotometric detection of m-cresol
purple with a precision of 0.001 [5,41].

Measurements of *C-PP

Rates of "*C-PP were measured at each sampling time point during the bubbling experiments.
At each pre-dawn sampling, seawater was subsampled from the carboys into acid cleaned 500
mL polycarbonate bottles, and each bottle was amended with ~1.85 MBq '“C-bicarbonate. The
total radioactivity added to each sample bottle was determined post-incubation by subsam-
pling 250 pL aliquots of seawater into scintillation vials containing 500 pL of B-phenylethyl-
amine. Bottles were placed in shaded (~50% irradiance) surface seawater-cooled incubators
for the duration of the photoperiod. After sunset, 100 mL from each sample bottle was filtered
at low vacuum (<50 mm Hg) onto 25 mm diameter, 0.2 pm porosity polycarbonate mem-
brane filters. The filters were then stored frozen in 20 mL scintillation vials until analysis at the
shore-based laboratory. At the shore-based laboratory, filters were acidified by the addition of
1 mL of 2 N hydrochloric acid, and allowed to passively vent for at least 24 hours in a fume
hood to remove all inorganic *C, followed by addition of 10 mL Ultima Gold LLT liquid scin-
tillation cocktail. The resulting radioactivity was determined on a Perkin Elmer 2600 liquid
scintillation counter.

Measurements of '*C-PP from the depth-dependent experiments were conducted similarly,
except that the samples were incubated in situ at the respective depths of collection on a free-
drifting array for the duration of the photoperiod, and the incubations were terminated via
sequential size fractionated filtration onto 10 pm, 2 pm, and 0.2 um pore sized polycarbonate
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filters (25 mm diameter). Filters were treated as previously described for subsequent determi-
nation of "*C activity.

’H-leucine incorporation measurements

We measured *H-Leu incorporation into plankton protein as a proxy measurement for bacte-
rial production [42, 43]. Rates of H-Leu incorporation were measured following incubations
conducted in both the light (3H—LeuLight) and in the dark (through use of black cloth bags;
H-Leupa [44]). From the bubbling experiments, 125 mL polyethylene amber bottles were
subsampled from each carboy in the pre-dawn hours; 6 aliquots of 1.5 mL were then subsam-
pled from each bottle into 2 mL microcentrifuge tubes (Axygen) containing 20 nmol L' *H-
leucine (final concentration). In addition, 1.5 mL of seawater was subsampled into a 2 mL
microcentrifuge tube containing 20 nmol L' *H-leucine (final concentration) and 100 uL of
100% (w/v) trichloroacetic acid (TCA); these samples served as time zero “blanks”. Samples
were incubated for 2 to 12 hours in the same surface seawater-cooled incubator described pre-
viously. To terminate incubations, 100 pL of 100% TCA was added to each microcentrifuge
tube and tubes were frozen (-20°C) for later processing.

For those experiments incubated in situ on the free-drifting array, water was subsampled
from each of the control and treatment carboys into 40 mL polycarbonate centrifuge tubes and
each tube was inoculated with *H-leucine to a final concentration of 20 nmol L™". Time zero
blanks were immediately subsampled from each tube; for these samples, 1.5 mL of seawater
was aliquoted into 2 mL microcentrifuge tubes containing 100 uL of 100% TCA. The 40 mL
tubes were then affixed to the same free drifting array utilized for the '*C-bicarbonate assimila-
tion measurements and samples were incubated under ambient light and in the dark (by plac-
ing the tubes in a darkened cloth bag). The array was then deployed for the duration of the
photoperiod. After sunset, the array was recovered, and triplicate 1.5 mL subsamples were
removed from each of the polycarbonate tubes and aliquoted into 2 mL microcentrifuge tubes
containing 100 pL of 100% TCA. The microcentrifuge tubes were frozen (-20°C) for later pro-
cessing, following the procedures described in Smith and Azam [45].

Contextual biogeochemical data, statistics, and data analysis

Seawater samples for contextual biogeochemical analyses were collected and analyzed accord-
ing to HOT program protocols (http://hahana.soest.hawaii.edu/hot/methods/results.html).
Measurements of fluorometric chlorophyll a concentrations were performed as in Letelier

et al. [46]. Samples for analysis of nutrient concentrations were subsampled from the CTD
rosette bottles into acid washed polyethylene bottles (125 or 500 mL) and stored upright at
-20°C. Combined concentrations of nitrate and nitrite (N+N) were analyzed using the high
sensitivity chemiluminescent technique [47,48], while concentrations of soluble reactive phos-
phorus (SRP) were determined via the magnesium-induced co-precipitation (MAGIC)
method [49].

Statistical analyses were performed using Matlab (Mathworks). Data that were not normally
distributed were log;, transformed prior to subsequent analyses. Statistical differences between
rates of *C-PP and *H-Leu incorporation at different pCO, levels during our bubbling experi-
ments were determined by two-way analysis of variance (ANOVA), where pCO, and time
were the factors of variation. For the depth-resolved experiments, we assessed significance for
individual depths and for the depth-integrated rates based on the mean and standard deviation
of the rates of "*C-PP and *H-Leu incorporation in the treatments and controls using Student’s
t-tests.
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Table 1. Starting conditions for experiments.

Month Year

June 2010
August 2010
August 2010
August 2010

September | 2010
October 2010
January 2011

March 2011

April 2011

September | 2012

Station

ALOHA
ALOHA
S1
S2
ALOHA
ALOHA
ALOHA
ALOHA
ALOHA
ALOHA

T
&Y
24.7
25.5
26.1
26.0
25.6
26.0
23.7
24.4
24.0
25.5

Results

We conducted a total of 10 shipboard pCO, manipulation experiments where seawater pCO,
was altered by bubbling with CO,-air gas mixtures. We measured rates of '*C-PP in all 10 of
these bubbling experiments, and rates of *H-Leu incorporation were measured in 8 of these
experiments. An additional 5 experiments were conducted to evaluate depth-dependent
responses in rates of '*C-PP and *H-Leu incorporation to elevated pCO,. Experiments were
conducted in all four seasons, spanning the range of conditions typically observed at Station
ALOHA (Table 1). With two exceptions, all experiments were conducted with seawater col-
lected at Station ALOHA; two of the depth-resolved experiments (August 26, 2010 and August
28,2010) were conducted at sampling sites to the northwest of Station ALOHA (termed S1:
24° 45’ N 160° 45 W and S2: 25° 35’ N 160° 32’ W) where concentrations of chlorophyll a in
near-surface waters were elevated relative to Station ALOHA (Table 1; Fig 1).

For all bubbling experiments, initial concentrations of N+N and SRP were consistently
below 10 nmol L* and 150 nmol L™, respectively, consistent with HOT program measure-
ments of these nutrients (Table 1; Fig 2). Rates of particulate '*C-PP at the beginning of the
experiments ranged between 0.17 to 0.93 umol C L' d'!, with the higher rates measured at
those stations to the northwest of ALOHA where chlorophyll a concentrations were elevated
(Table 1). Seawater pCO, in the near-surface waters at the time the experiments were con-
ducted ranged between 351 patm to 419 patm, consistent with HOT program observations at
Station ALOHA [5,21], while sea surface temperatures ranged between ~24 and 26°C
(Table 1).

Concentrations of chlorophyll a and rates of '*C-PP and >H-Leu
incorporation under elevated pCO,

In 8 out of 10 bubbling experiments rates of '*C-PP in the elevated pCO, treatments were not
significantly different than rates measured in the controls (two-way ANOVA; p>0.05; Table 2;
Fig 3). In the remaining 2 bubbling experiments (April 2011 and September 2012) rates of
'“C-PP in the controls were significantly greater than rates measured in the enhanced pCO,
treatments (two-way ANOVA, p<0.05; Table 2); notably, concentrations of N+N and SRP in
both of these experiments were elevated relative to other experiments (Table 1). There were no

Chlorophyll a (ug L™) “c-pp N+N SRP DIC TA pH pCO,

(umol CL™"d™) | (nmol L) | (nmoll') (umol LY (umol LY (natm)
0.06 0.26 2 62 2018 2336 8.069 376
0.05 0.29 3 105 1997 2326 8.079 364
0.13 0.63 ND ND 2041 2357 8.039 419
0.14 0.93 ND ND 2009 2330 8.052 400
0.07 ND 4 86 1998 2323 8.069 373
0.08 0.42 3 65 1997 2323 8.065 377
0.05 0.21 8 50 2012 2333 8.089 355
0.07 0.43 3 68 1997 2324 8.092 351
0.06 0.17 5 103 1993 2312 8.089 353
0.06 0.32 8 123 1999 2306 8.048 377

Near-surface ocean (5 m) temperatures (T), concentrations of chlorophyll g, rates of primary productivity (*C-PP), nutrient concentrations (nitrate plus nitrite = N+N

and soluble reactive phosphorus = SRP), and carbonate system properties (dissolved inorganic carbon = DIC, total alkalinity = TA, partial pressure of carbon dioxide =

pCO,) during those months when experiments were conducted for this study. ND = no data.

https://doi.org/10.1371/journal.pone.0193405.t001
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Fig 2. Initial experimental conditions. Mixed layer seawater pCO, measured during the period of this study (2010-2012) at Station ALOHA (panel
A; triangles). Also shown are temperature at Station ALOHA (panel B; diamonds), concentrations of nitrate + nitrite (N+N; panel C; squares) and
chlorophyll a (panel D; circles) in near-surface waters (5 m). Grey stars are used to indicate those cruises when bubbling experiments were conducted.

https://doi.org/10.1371/journal.pone.0193405.9002
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Table 2. Percent difference between controls and elevated pCO, treatments.

Start date | days “c-pp p value | Chlorophyll a P *H-Leup,y incorporation (% p value *H-Leuygy, incorporation (% p value
(% (% difference) | value difference) difference)
difference)
Aug. 6,2010 1 14 ND ND
2 94 +34 1+0 ND ND
3 58 +147 NSD - NSD ND ND
Aug.2l, | 1 033 7 40 1916 -4£10
2010
(750 patm) 2 -27 £26 NSD -10 £1 NSD 143 +62 <0.005 130 £92 NSD
Aug. 21, 1 37 +35 11 31457 19 +52
2010
2 -35+27 NSD -16 +1 NSD 60 £76 NSD 58 £77 NSD
Aug. 23, 1 10.2 6 315 345
2010
2 -52 +46 12 +2 -4 +15 -7 +12
3 ND NSD ND NSD -35 +39 NSD -30 17 NSD
Sep. 3, 2010 1 14 27 ND ND
2 18 £17 10 +1 ND ND
3 -7 £45 NSD 6 £1 <0.05 ND ND
Oct. 3,2010 1 -57 -11 -77 ND
3 16 +65 2+l 18 +10 ND
4 -52 +9 NSD -13 £2 NSD 2157 NSD ND
Jan. 11, 2011 1 -30 -6 -14 11
3 -14 7 -3 27
5 121 NA 17 NA -11 NA -16 NA
Mar. 3, 2011 1 -7 13 -1 -26
3 -14 +20 -18 +2 348 2 %8
4 -26 +38 NSD -22 2 NSD 16 +8 NSD -4 +5 NSD
Mar. 17, 1 -4 -11 -9 1
2011
102 +13 -23 +1 1+7 -26 +14
123 +48 NSD 4+1 NSD 9 £16 NSD 11 5 NSD
Apr. 15, 1 -5 -50 ND ND
2011
2 -70 £36 -63 £1 ND ND
3 -50 £58 <0.05 -43 +3 <0.0005 ND ND
Sep. 6, 2012 1 -31 32 -29 +3 -35 +23 -36 +26
2 -52 +46 -39 +3 7 £36 3 +44
4 -31 +44 <0.05 -23 +2 <0.005 -26 +6 NSD -31 +12 NSD

Percent differences ([treatments—controls] / controls) between pCO, elevated treatments (~1100 patm except August 21, 2010) and controls (ambient, ~387 patm) in

bubbling experiments for 14¢-pp, chlorophyll a, *H-Leupa incorporation, and 3 H-Leuy gy incorporation. Differences between controls and treatments for each full

experiment are reported as p-values (two-way ANOVA). NSD = not significantly different (p>0.05). ND = no data. NA = statistical test not applicable, due to lack of

replication.

https://doi.org/10.1371/journal.pone.0193405.t002

significant interactions between pCO, and time for any of the experiments (two-way ANOVA;
p>0.05). The median value of the percent differences between treatments and controls ([treat-
ments—controls] / controls) across all time points was -6% (mean 3%, standard deviation
51%; Table 2), with the treatments differing from the controls during 20% of the sampling
occasions.

PLOS ONE | https://doi.org/10.1371/journal.pone.0193405  April 25,2018

9/22


https://doi.org/10.1371/journal.pone.0193405.t002
https://doi.org/10.1371/journal.pone.0193405

@° PLOS | ONE

Effects of elevated pCO, on plankton productivity in the NPSG

1.2
O controls (NSD) A controls (Apr 2011)
- O treatments 1100 patm (NSD) A treatments (Apr2011)
he] 1049 a treatments 750 patm (NSD) V controls (Sep 2012)
._I WV treatments (Sep 2010)
o 0.8
B 6 i
3 %
0.4
& I
A B
00 T T O] T T T T
< 120
= O controls (NSD) <> controls (Aug 2010)
“__| 100 O treatments (NSD) 0 treatments (Aug 2010)
3
o 80 -
© o
g 60 m] H
Eo]e z
E 40 8% § ] %
3
e =0 (o) oo oo | | &
T c D
b/ 0 IE T T T T T T T T T
1 2 3 4 5 1 2 3 4 5

Time (days) Time (days)

Fig 3. Results of pCO, bubbling experiments. Measured rates of "*C-PP (panel A) and *H-Leupy,, incorporation
(panel C) from all experiments (n = 8 and n = 7, respectively) where no significant differences (NSD) were observed
between controls (white circles) and elevated pCO, treatments at 1100 patm (grey squares) and 750 patm (grey
triangles) are depicted. Also shown are rates of C-PP (panel B) and *H-Leup, incorporation (panel D) from
experiments where significant differences (two-way ANOVA; p<0.05) were observed between controls (open
symbols) and elevated pCO, (black symbols) treatments. Dates of experiments showing significant differences are
given in the legend.

https://doi.org/10.1371/journal.pone.0193405.9003

In addition, during most experiments (7 of 10) concentrations of chlorophyll a in the ele-
vated pCO, treatments were not significantly different than in the controls (two-way ANOVA;
p>0.05; Table 2). In a single experiment (September 2010), chlorophyll a concentrations in
the elevated pCO, treatments were greater than those in the controls. In contrast, rates of
'“C-PP and concentrations of chlorophyll a were greater in controls relative to the elevated
pCO, treatments in two of the experiments (April 2011 and September 2012; two-way
ANOVA; p<0.05; Table 2; Fig 3). We also normalized our measured rates of '*C-PP to con-
centrations of chlorophyll a, and in 9 of 10 experiments there was no significant difference
between controls and elevated pCO, treatments (two-way ANOVA; p>0.05; S1 Fig). In the
experiment conducted in March 2011, chlorophyll a normalized rates of '*C-PP were greater
in elevated pCO, treatments than in controls (two-way ANOVA; p<0.05; S1 Fig).

We also examined possible responses in rates of *H-Leu incorporation during the seawater
carbonate system manipulation experiments (Table 2). In total, rates of *H-Leup,i incorpo-
ration were determined in 7 of the bubbling experiments, with coincident measurements of
rates of 3H—LeuLight incorporation in 6 of these 7 experiments (Table 2). In the enhanced pCO,
treatments rates of >H-Leup,, incorporation were similar to those measured in the controls,
ranging between 7 and 41 pmol Leu L™ h™!, with measurements at subsequent time points
ranging from 4 to 98 pmol Leu L™ h™' (Fig 3). Rates of *H-Leuy g, incorporation in the con-
trols ranged between 9 and 61 pmol Leu L™ h™" at the beginning of the experiments, and
between 21 and 84 pmol Leu L™" h™" at subsequent time points. In the enhanced pCO,
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treatments, rates of S’H—LeuLig}lt incorporation at the beginning of the experiments ranged
from 15 to 65 pmol Leu L™" h'', and from 17 to 99 pmol Leu L' h™" at subsequent time points.
In 5 out of the 7 experiments where rates were measured, >H-Leup,, incorporation rates
increased significantly over time in both the controls and treatments (two-way ANOVA,
p<0.05; Fig 3). Similarly, in 4 of the 6 experiments in which 3 H-Leuy igp¢ incorporation was
measured rates increased significantly over the duration of the experiment in both the controls
and treatments (two-way ANOVA, p<0.05). However, in the majority of experiments there
were no significant differences in the enhanced pCO, treatments relative to the controls (two-
way ANOVA, p>0.05; Table 2). In a single experiment (August 2010) rates of *H-Leupai
incorporation in the pCO, treatments (750 patm) were significantly greater than the controls
(two-way ANOVA, p<0.05; Table 2; Fig 3). The median values of the percent differences
([CO, treatments—ambient controls]/controls) in rates of *H-Leup, and 3H—LeuLig}lt incor-
poration across all time points were 2% (mean 19%, standard deviation 78%) and 1% (mean
22%, standard deviation 87%) respectively (Table 2). The resulting differences (%) were signifi-
cantly different from zero in less than 20% of experimental time points (13% and 15% for
*H-Leup, and * H-Leuy jgp incorporation, respectively).

Depth-dependent responses in '*C-PP and *H-Leu incorporation to
elevated pCO,

In addition to conducting pCO, perturbation experiments where near-surface ocean water was
bubbled continuously for up to 5 days, we also conducted 5 experiments where we examined
short-term, daytime (dawn to dusk), depth-dependent responses in rates of '*C-PP and *H-Leu
incorporation to perturbations in seawater pCO,. For these experiments, seawater pCO, at 6 dis-
crete depths in the upper ocean was perturbed through the addition of acid (and bicarbonate to
maintain constant alkalinity) and incubated in situ on a free-drifting array. For samples in the
upper euphotic zone (<45 m), the pCO, derived from measurements of DIC and TA was within
~20% of the target pCO, (750 patm), while in the lower euphotic zone (>75 m) the derived pCO,
values were uniformly greater (by 2-52%) than the target pCO, (S2 Fig). This was likely due to a
combination of depth-dependent natural increases in pCO, and the greater variability of the sea-
water carbonate system in the lower euphotic zone compared to surface waters [50].

Rates of '“C-PP were measured from size fractionated water samples (>10 pum, 2-10 um,
and 0.2-2 um) from all six depths from both the controls and pCO,-perturbed treatments
(Table 3; Fig 4). Overall, rates of "*C-PP in all of the size fractions were greatest at stations S1
and S2, where concentrations of chlorophyll a were also elevated (Fig 1). Rates of "*C-PP in
the >10 pum size fraction at these two stations ranged from 0.4 to 0.5 pmol C L™ d"', approxi-
mately an order of magnitude greater than rates observed at ALOHA (Fig 4). The resulting
depth-integrated upper euphotic zone (0-45 m) rates of '*C-PP in the >10 um size fraction
ranged between 1.0 and 17.7 mmol C m™ d™', with average rates at S1 and S2 (August 26 and
28,2010) ~11-fold greater than at ALOHA (Table 3). Similarly, rates measured at S1 and S2
were elevated in the 2-10 pm and 0.2-2 pm size fractions, with depth-integrated (0-45 m)
rates at these stations ranging from 3.1 to 6.8 and 8.8 to 13.2 mmol C m™ d’’, respectively
(Table 3) compared to 1.6 to 3.2 mmol C m™> d' and 3.8 to 6.0 mmol C m™ d’’, respectively at
Station ALOHA. In the lower euphotic zone (75-125 m), rates of "*C-PP in the two larger size
fractions at Station ALOHA were 2- to 5- fold lower than in the upper euphotic zone, with
rates in the 0.2-2 um size fraction in the lower euphotic zone as much as 2.5-fold lower than
the upper ocean (Table 3).

Consistent with results from the bubbling experiments, overall abrupt increases in pCO,
had little or no effect on rates of *C-PP in these depth-resolved experiments. For at least one
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Table 3. Depth-integrated rates of '“C-PP.

Date “c-pp “c-pp "c-pp "“c-pp “c-pp "“c-pp “c-pp “c-pp Yc-pp
treatment | >10 um >10 um >10 um 2-10 pm 2-10 pm 2-10 pm 0.2-2 um 0.2-2 um 0.2-2 um
(mmol C (mmol C (mmol C (mmol C (mmol C (mmol C (mmol C (mmol C (mmol C
m2d?) mZ2d?) m?2d?") m?2d?") m?2d?") m?2d?") m?2d?") m?2d") m2d?’)
0-45 75-125 0-125 0-45 75-125 0-125 0-45 75-125 0-125
Aug. 21,
2010
390 patm 1.6£0.1 | A| 0300 |C| 25+0.1 |ns| 2.6+02 |ns| 0.5+0.0 B 4.6+02 | A | 39+0.7 |ns| 4.5+0.1 |A | 11.8+x1.0 |ns
750 patm 1.8+0.1 0.5+0.0 3.1£0.6 3.240.3 0.6+0.0 5.3+0.3 4.1+0.8 4.2+0.2 11.740.8
Aug. 26,
2010 (S1)
390 patm 14.0+1.0 | A| 02+00 |ns| 16.8+1.0 | A 59403 |ns| 04#0.0 |ns| 8.0+0.3 |ns| 88+1.0 |ns| 3.4+03 |ns| 16.7+1.0 | ns
750 patm | 11.9£0.7 0.2+0.0 13.7+0.7 6.8+1.0 0.4+0.0 8.6+1.0 9.0+1.1 3.0+0.2 15.8+1.4
Aug. 28,
2010 (S2)
390 patm | 17.5%2.3 |ns| 04+0.5 |ns| 18.8#23 |ns| 3.5+0.5 |ns| 0.5%0.1 |ns| 52+0.5 |ns| 13.2+06 | A | 3.2+0.1 |ns| 20.8+0.6 | A
750 patm | 17.7%1.5 0.3+0.1 18.7+1.5 3.1+0.1 0.5+0.0 4.7%0.2 11.2+0.8 2.9+0.2 18.1+0.9
Mar. 14,
2011
390 patm 14404 |ns| 03%+0.0 |ns| 2.3+04 |ns 2.1+0.2 | ns 0.8+0.1 ns| 41402 |ns| 6.0+1.3 |ns| 4.0+0.3 |ns| 13.3+x1.3 |ns
750 patm 1.3+0.2 0.3+0.0 2.2+0.2 2.240.3 0.9+0.1 4.4+0.3 4.5+0.6 4.4+0.3 13.1+1.2
Mar. 16,
2011
390 patm 1.0£0.2 |ns| 0.3+0.0 |ns| 2.0+0.2 |ns 1.8+0.2 |ns| 0.7+0.1 |ns| 3.5+03 |ns| 3.8419 |ns| 3.5%1.3 |ns| 10.3+24 | ns
750 patm 1.0+0.2 0.3+0.0 1.8+0.2 1.6+0.1 0.8+0.1 3.6+0.3 5.9£1.0 2.4+0.6 11.9£1.6

Depth-integrated rates of '*C-PP measured under both ambient (387 patm) and enhanced pCO, (750 patm) conditions in both upper (0-45 m) and lower euphotic
zones (75-125 m) for three plankton size fractions. Significant differences between rates in controls and treatments are indicated by capital letters (two-sample t-Test),
lack of significant difference indicated by “ns”.

A: p<0.05.

B: p<0.01.

C: p<0.005.

https://doi.org/10.1371/journal.pone.0193405.t003

of the depths examined in 3 of the depth-resolved experiments, rates of '*C-PP in the controls
were greater than the pCO,-elevated treatments (t-Test; p<0.05; Fig 5). However, in 1 of the 5
experiments (occurring in August 2010) rates of '*C-PP in the pCO,-elevated treatments were
greater than in the controls for both the >10 pm and 2-10 um size fractions at a single depth
(25 m; t-Test; p<0.005 and p<0.05, respectively; Fig 5). There were no consistent differences
in depth-integrated rates of "*C-PP in the upper euphotic zone between controls and elevated
pCO; treatments (0-45 m; Table 3; t-Test; p>0.05). In 4 of the 5 depth-resolved experiments
there were no consistent differences in rates of '*C-PP between controls and pCO, elevated
treatments in the lower euphotic zone. In one of the experiments (August 2010) conducted at
Station ALOHA, rates of "“C-PP in the lower euphotic zone (75-125 m) were significantly
greater in the >10 um and 2-10 pm size fractions in the pCO, perturbed treatments relative to
the controls (t-Test; p<0.05; Table 3).

Similar to rates of "*C-PP, rates of *H-Leup, and 3H-LeuLight incorporation were greater
at stations S1 and S2 than at ALOHA (one-way ANOVA; p<0.0001 for both; Fig 6). The
resulting depth-integrated (0-125 m) rates of *H-Leup, and 3H-LeuLig}lt incorporation were
significantly greater in controls than in elevated pCO, treatments in 2 of 5 and 5 of 5 depth-
resolved experiments, respectively (t-Test; p<0.05; Table 4). In the upper euphotic zone (0-45
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Fig 4. Depth-resolved measurements of size fractionated '*C-PP during cruises in August 2010 and March 2011. Rates of '*C-PP in the >10 pm size fraction
(panels A and D), 2-10 pm size fraction (panels B and E), and 0.2-2 pm size fraction (panels C and F) under ambient (387 patm; panels A-C) and elevated pCO,
(750 patm) conditions (panels D-F).

https://doi.org/10.1371/journal.pone.0193405.g004

m), rates of *H-Leup,,x and 3H-LeuLig}lt incorporation were significantly lower in the elevated
pCO, treatments than in the controls in 2 of 5, and 3 of 5 experiments, respectively (t-Test;
p<0.05; Table 4). In 4 of the 5 experiments, rates of 3H—LeuLight incorporation in the lower
euphotic zone (75-125 m) were significantly lower in the elevated pCO, treatments than the
controls (t-Test; p<0.05; Table 4).

Discussion

The overarching goals of this study were to examine whether abrupt changes to the ocean car-
bonate system would impact organic matter productivity and bacterial growth in the NPSG.
Our experiments were not designed to investigate adaptations at the gene, species, or commu-
nity level. To address these objectives, two types of experiments were conducted: 1) Manipula-
tion of the near-surface (5-25 m) seawater carbonate system by gentle bubbling with air or a
mixture of air and CO, and subsequent daily measurements of '*C-PP and *H-Leu incorpo-
ration over 2 to 5 day incubation periods; and 2) Perturbation of the seawater carbonate
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Fig 5. Percent differences in '*C-PP between controls and elevated pCO, treatments. Shown are percent differences
([treatments (750 patm) - controls (387 patm)] / controls) for rates of 4C-PP from depth-resolved experiments during
cruises in August 2010 and March 2011 for >10 pm size class (panel A), 2-10 pm size class (panel B), and the 0.2-2 um
size class (panel C). Dashed line indicates zero. Bold symbols indicate significant differences between controls and
treatments.

https://doi.org/10.1371/journal.pone.0193405.9005

system through the addition of acid (and bicarbonate to keep TA unchanged) at different
depths throughout the euphotic zone, examining subsequent depth-dependent responses in
rates of '*C-PP and *H-Leu incorporation during in situ incubations lasting over the course of
a photoperiod (~12 hours).

We detected no consistent changes in rates of either "*C-PP or *H-Leu incorporation in
response to elevated pCO, over the course of our bubbling experiments. This lack of a consis-
tent effect of enhanced pCO, on either '*C-PP or >H-Leu incorporation suggests that the con-
temporary microbial assemblages in this region of the NPSG appear relatively resilient to rapid
increases in seawater pCO,. Such observations are in agreement with results from other studies
conducted in oligotrophic ocean ecosystems [20,21]. However, several studies have reported
small to moderate increases in rates of "*C-PP [7,51] and bacterial production [31] under ele-
vated pCO, in more eutrophic nearshore ecosystems.

Similar to the lack of response to increased pCO, observed in the bubbling experiments,
rates of production in the depth-resolved experiments also demonstrated no significant or
consistent response to increases in seawater pCO,. Intriguingly, in one of our experiments
(conducted in August 2010), rates of *C-PP by larger phytoplankton (>2 pm) in the lower
euphotic zone demonstrated greater rates of production under elevated pCO,. These dimly lit
waters and larger phytoplankton size classes account for a relatively small fraction of the
euphotic zone productivity in the NPSG [52], so the resulting stimulation by pCO, resulted in
no significant change in the depth-integrated (0-125 m) productivity from this experiment.
Although the changes were modest (~20% and ~50%, for 2-10 pm and >10 um, respectively),
the apparent stimulation of productivity by larger phytoplankton may reflect ecological adap-
tations of phytoplankton in these dimly lit waters. The lower euphotic zone of the NPSG is
dynamic with respect to changes in the seawater carbonate system, as a result of the large verti-
cal gradient in DIC concentrations [5] together with the greater influence of mesoscale vari-
ability in the lower euphotic zone compared to surface waters [50]. Hence, the observed
response to rapid perturbation in pCO, could reflect an adaptive response by phytoplankton
communities to abrupt changes in the seawater carbonate system in the lower euphotic zone.
In addition, this observation could reflect carbon limitation of phytoplankton growing in the
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Fig 6. Depth-resolved rates of *H-Leu incorporation in August 2010 and March 2011. Rates of >H-Leu
incorporation (pmol Leu L™ h™") in the dark for both ambient and elevated seawater pCO, (~390 and 750 patm,
respectively) are shown (panels A and C, respectively), as are rates in the light for both ambient and elevated pCO,
(panels B and D, respectively). Also shown are percent differences between treatments ([treatments—controls] /
controls) for *H-Letp, incorporation (panel E) and Z‘H-LeuLight incorporation (panel F).

https://doi.org/10.1371/journal.pone.0193405.g006
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Table 4. Depth-integrated rates of *H-Leu incorporation.

Date *H-Leup,, (nmol 3H-Leup,,i (nmol *H-Leup,, (nmol 3H—Leu]_ight (nmol 3H—LeuLight (nmol 3H—Leu]_ight (nmol
treatment Leum™>h™) Leum?>h™) Leum?h™) Leum~>h™) Leum?>h™) Leum?>h™)
0-45m 75-125m 0-125m 0-45m 75-125m 0-125m
Aug. 21,
2010
390 patm 27249 A 216 £6 ns 643 +11 B 321+12 ns 271+10 A 849 +16 C
750 patm 24619 193+11 58114 3067 242+8 763 £13
Aug. 26,
2010
390 patm 574427 ns 106+2 ns 923428 ns 776x12 B 234+1 C 732+18 C
750 patm 522424 126%33 887 +41 698 £20 194+4 574+19
Aug, 28,
2010
390 patm 611+23 ns 130+4 ns 926124 ns 825 +£36 A 252 +£3 C 720£35 C
750 patm 637£17 137+35 947+45 743+23 178+6 575%15
Mar. 14,
2011
390 patm 1764 ns 119+4 ns 38916 ns 286x6 B 27217 A 1359 16 C
750 patm 173+13 118+1 391+£15 208+16 190+2 1233+22
Mar. 16,
2011
390 patm 19319 A 96+4 ns 387+11 C 305+33 ns 223+7 ns 1402438 B
750 patm 156+12 99+5 330+13 232+7 218+3 1158425

Rates of *H-Leu incorporation (light and dark) incubated under both ambient (387 patm) and elevated pCO, (750 patm) for both the upper (0-45 m), lower (75-125
m), and full euphotic zone (0-125 m). Significant differences between rates in controls and treatments indicated by letters (two-sample t-Test), no significant difference
indicated by “ns”.

A: p<0.05.

B: p<0.01.

C: p<0.005.

https://doi.org/10.1371/journal.pone.0193405.t1004

lower euphotic zone during summer months. Net production of oxygen (O,) in the sub-mixed
layer waters of the NPSG results in accumulation of dissolved O, throughout the spring, with
supersaturating concentrations through the summer and early fall [53]. We speculate that the
enhanced rates of '*C-PP during this single experiment may reflect alleviation of CO, limita-
tion of the larger phytoplankton growing in waters with elevated O,: CO, ratios, where com-
petitive binding of O, by RuBisCO could decrease photosynthetic efficiency and increase
photorespiration [17,54].

We also sought to examine the sensitivity of bacterial production to abrupt increases in
seawater pCO, during our depth-resolved experiments. While we observed no consistent
response in rates of 3H-LeuLig}lt or 3H-LeuDark incorporation to the pCO, treatments during
the bubbling experiments, rates of >H-Leu incorporation in our depth-resolved experiments
were frequently sensitive to changes in pCO,. In all 5 of the depth-resolved experiments,
euphotic zone (0-125 m) rates of 3H—LeuLight incorporation were always significantly lower
in the enhanced pCO, treatments than in controls. In contrast, rates of *H-Leup,x incorpo-
ration did not vary in a consistent manner, with rates of >H-Leup,y incorporation greater in
the controls than the pCO, treatments in 2 of 5 experiments. We incubated samples in both
the light and dark to evaluate how elevated pCO, might alter the known photostimulation of
’H-Leu incorporation previously reported in the euphotic zone of the NPSG [44,55]. Based on
flow cytometric sorting of picoplankton populations, Bjorkman et al. [56] determined that
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Prochlorococcus incorporation of *H-Leu in the light was a major factor controlling this photo-
stimulation. Given the large contribution of Prochlorococcus to rates of "*C-PP (39% +20%)
and H-Leu incorporation (20% in the dark and 60% in the light) at Station ALOHA [56,57],
our results suggest Prochlorococcus growth may be relatively insensitive to, or perhaps nega-
tively affected by, abrupt increases in pCO,. These results are consistent with previous findings
in culture that suggest that while Synechococcus growth responds to elevated pCO,, Prochloro-
coccus growth appears largely insensitive to variations in pCO, [11].

Several previous studies have reported increased rates of *H-Leup,i incorporation under
elevated pCO, [10], suggesting a shift in the partitioning of primary production from the par-
ticulate to the dissolved pool [26,58,59], with subsequent increased growth by heterotrophic
bacteria on this newly available DOM [31,60]. However, other studies that have specifically
measured rates of dissolved organic carbon production under elevated pCO, have reported
inconsistent responses [61,62]. In our experiments, based on both bubbling and depth-
resolved experiments, rates of *H-Leup,, incorporation were most often unchanged under
conditions of elevated pCO,. Similarly, in the near-surface waters (represented by our bub-
bling experiments) rates of *H-Lety jgn, incorporation were unaffected by increases in pCO,,
but in the deeper regions of the euphotic zone (75-125 m), rates of 3 H-Leuy jgp incorporation
were significantly lower under elevated pCO, treatments relative to the controls in 4 out of 5
experiments.

In general, we found that abrupt increases in pCO, have little or no influence on rates of
C-PP and 3H-LeuLig}lt or *H-Leup, i incorporation at Station ALOHA. On a single occasion,
we did observe apparent stimulation of '*C-PP by larger phytoplankton dwelling in the lower
euphotic zone, an observation we hypothesize could reflect seasonally-dependent carbon limi-
tation by phytoplankton growing in these dimly lit waters. However, the majority of our exper-
iments suggest that contemporary microbial growth in the euphotic zone at Station ALOHA is
relatively resilient to abrupt increases in pCO,. Such results are somewhat surprising given the
low temporal fluctuations in seawater pCO, this habitat experiences; however, we suspect that
in this persistently oligotrophic environment, both rates of '*C-PP and *H-Leu incorporation
are strongly controlled by the availability of growth-limiting substrates, whether in the form of
inorganic nutrients or in the form of labile dissolved organic carbon. In particular, decadal-
scale (2006-2016) rates of '*C-PP (at 25 m) at Station ALOHA varied more than threefold
(from 0.28 to 0.98 umol C L™* d'"), approximately equivalent to the largest variation in rates of
'“C-PP we measured between control and treatment rates during our experiments. Conse-
quently, even large perturbations to the carbonate system appear to have only a weak influence
on microbial growth in this ecosystem. Additionally, the short division times and large popula-
tion sizes of open ocean phytoplankton may provide some capacity to adapt to or evolve in
response to anthropogenic changes to the ocean carbonate system [63]. In contrast, it is likely
that increasing ocean temperatures will exert a relatively stronger influence on microbial
metabolism. Temperature effects could manifest directly, for example by changing microbial
metabolic rates or growth efficiencies [64,65] or indirectly; through increased vertical stratifi-
cation with concomitant reduction in nutrient supply and expansion of the oligotrophic gyres
[66]. The combination of temperature-driven increases in respiration and decreased nutrient
supply to the euphotic zone would likely decrease rates of net community production, with
decreases in the amount of organic carbon available for upper trophic levels and export to the
deep ocean. Hence, based on our observations together with those from previous reports,
responses in planktonic metabolism to elevated pCO, appear variable and likely depend on
the types of organisms present and the environmental conditions under which they grow
[61,67,68]. It remains an open question whether our findings reflect physiological flexibility by
the resident microbial community in acclimating to changes in the carbonate system, or
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whether the growth of these organisms is so tightly regulated by resource availability that any
influence due to variations in the carbonate system are obscured by these other controlling fac-
tors. This question could be addressed by carrying out similar perturbation experiments that
examine whether microbial growth responds to elevated pCO, coincident with alterations in
the availability of growth-limiting nutrients.

Supporting information

S1 Fig. Rates of chlorophyll normalized "*C-PP from bubbling experiments. Chlorophyll
normalized rates of '*C-PP from pCO, bubbling experiments during this study where no sig-
nificant difference was observed between controls (open circles) and elevated pCO, (grey
squares) treatments (panel A) and for an experiment where a significant difference was found
(two-way ANOVA; p<0.05) between controls (open triangle) and elevated pCO, (grey trian-
gle) treatments (panel B).

(TIF)

S2 Fig. Ratio of calculated pCO, versus targeted pCO, from in situ array experiments.
Solid line depicts the 1:1 ratio.
(TIF)

Acknowledgments

We thank the scientists and staff of the HOT program for their assistance at sea and in the lab-
oratory, in particular Daniel Sadler for his assistance with carbonate system manipulations
and experimental set up. We thank Drs. Sasha Tozzi (Alltech) and Zbigniew Kolber (Univer-
sity of California Santa Cruz) for assistance with incubation experiments, and Dr. Craig Nel-
son (University of Hawai‘i at Manoa) for discussions that improved this manuscript. We
would also like to thank Dr. John Dore (Montana State University) for his assistance with the
HOT pCO, and pH data. We extend our gratitude to the officers and crew of the R/V Kilo
Moana and the R/V Kaimikai-o-Kanaloa.

Author Contributions

Conceptualization: Donn A. Viviani, Ricardo M. Letelier, Matthew J. Church.

Data curation: Donn A. Viviani, Daniela Béttjer, Ricardo M. Letelier, Matthew J. Church.
Formal analysis: Donn A. Viviani.

Funding acquisition: Ricardo M. Letelier, Matthew J. Church.

Investigation: Donn A. Viviani, Daniela Béttjer, Ricardo M. Letelier, Matthew J. Church.
Methodology: Donn A. Viviani, Daniela Béttjer, Matthew J. Church.

Project administration: Ricardo M. Letelier, Matthew J. Church.

Resources: Matthew J. Church.

Supervision: Ricardo M. Letelier, Matthew J. Church.

Validation: Donn A. Viviani, Daniela Bottjer, Ricardo M. Letelier, Matthew J. Church.
Visualization: Donn A. Viviani.

Writing - original draft: Donn A. Viviani.

PLOS ONE | https://doi.org/10.1371/journal.pone.0193405  April 25,2018 18/22


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0193405.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0193405.s002
https://doi.org/10.1371/journal.pone.0193405

@° PLOS | ONE

Effects of elevated pCO, on plankton productivity in the NPSG

Writing - review & editing: Donn A. Viviani, Daniela Béttjer, Ricardo M. Letelier, Matthew

J. Church.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.
20.

21.

IPCC. Summary for Policymakers. In: Field CB, Barros VR, Dokken DJ, Mach KJ, Mastrandrea MD,
Bilir TE, et al., editors. Climate Change 2014: Impacts, Adaptation, and Vulnerability Part A: Global and
Sectoral Aspects Contribution of Working Group Il to the Fifth Assessment Report of the Intergovern-
mental Panel on Climate Change. Cambridge, United Kingdom, and New York, NY, USA: Cambridge
University Press; 2014. pp. 1-32.

Wolf-Gladrow DA, Riebesell U, Burkhardt S, Bijma J. Direct effects of CO, concentration on growth and
isotopic composition of marine plankton. Tellus B. 1999; 51: 461-476. https://doi.org/10.1034/j.1600-
0889.1999.00023.x

Zeebe RE, Zachos JC, Caldeira K, Tyrrell T. Carbon emissions and acidification. Science. 2008; 321:
51-52. https://doi.org/10.1126/science.1159124 PMID: 18599765

Doney SC, Fabry VJ, Feely RA, Kleypas JA. Ocean acidification: the other CO, problem. Ann Rev Mar
Sci. 2009; 1: 169-192. https://doi.org/10.1146/annurev.marine.010908.163834 PMID: 21141034

Dore J, Lukas R, Sadler D, Church M, Karl D. Physical and biogeochemical modulation of ocean acidifi-
cation in the central North Pacific. Proc Natl Acad Sci USA. 2009; 106: 12235-12240. https://doi.org/
10.1073/pnas.0906044106 PMID: 19666624

Joint I, Doney SC, Karl DM. Will ocean acidification affect marine microbes? ISME J. 2011; 5: 1-7.
https://doi.org/10.1038/ismej.2010.79 PMID: 20535222

Riebesell U, Zondervan |, Rost B, Tortell PD, Zeebe RE, Morel FMM. Reduced calcification of marine
plankton in response to increased atmospheric CO,. Nature. 2000; 407: 364—367. https://doi.org/10.
1038/35030078 PMID: 11014189

Tortell P, DiTullio G, Sigman D, Morel F. CO, effects on taxonomic composition and nutrient utilization
in an Equatorial Pacific phytoplankton assemblage. Mar Ecol Prog Ser. 2002; 236: 37—43.

Tortell PD, Payne CD, Li Y, Trimborn S, Rost B, Smith WO, et al. CO, sensitivity of Southern Ocean
phytoplankton. Geophys Res Lett. 2008; 35: L04605. https://doi.org/200810.1029/2007GL032583

Grossart H, Allgaier M, Passow U, Riebesell U. Testing the effect of CO, concentration on the dynamics
of marine heterotrophic bacterioplankton. Limnol Oceanogr. 2006; 51: 1-11.

Fu F, Warner M, Zhang Y, Feng Y, Hutchins D. Effects of increased temperature and CO, on photosyn-
thesis, growth, and elemental ratios in marine Synechococcus and Prochlorococcus (Cyanobacteria). J
Phycol. 2007; 43: 485-496. https://doi.org/10.1111/.1529-8817.2007.00355.x

Hutchins D, Fu F, Zhang Y, Warner M, Feng Y, Portune K, et al. CO, control of Trichodesmium N fixa-
tion, photosynthesis, growth rates, and elemental ratios: Implications for past, present, and future
ocean biogeochemistry. Limnol Oceanogr. 2007; 52: 1293-1304.

Beman JM, Chow C-E, King AL, Feng Y, Fuhrman JA, Andersson A, et al. Global declines in oceanic
nitrification rates as a consequence of ocean acidification. Proc Natl Acad Sci USA. 2010; 108: 208—
213. https://doi.org/10.1073/pnas.1011053108 PMID: 21173255

Liu J, Weinbauer M, Maier C, Dai M, Gattuso J. Effect of ocean acidification on microbial diversity and
on microbe-driven biogeochemistry and ecosystem functioning. Aquat Microb Ecol. 2010; 61: 291—
305. https://doi.org/10.3354/ame01446

Raven J. The role of marine biota in the evolution of terrestrial biota: Gases and genes—Atmospheric
composition and evolution of terrestrial biota. Biogeochemistry. 1997; 39: 139-164.

Tortell PD. Evolutionary and ecological perspectives on carbon acquisition in phytoplankton. Limnol
Oceanogr. 2000; 45: 744-750.

Giordano M, Beardall J, Raven JA. CO, concentrating mechanisms in algae: Mechanisms, environmen-
tal modulation, and evolution. Ann Rev Plant Biol. 2005; 56: 99—131. https://doi.org/10.1146/annurev.
arplant.56.032604.144052 PMID: 15862091

Badger M. The roles of carbonic anhydrases in photosynthetic CO, concentrating mechanisms. Photo-
synth Res. 2003; 77: 83-94. https://doi.org/10.1023/A:1025821717773 PMID: 16228367

Hein M, Sand-Jensen K. CO, increases oceanic primary production. Nature. 1997; 388: 526-527.

Lomas MW, Hopkinson BM, Losh JL, Ryan DE, Shi DL, Xu Y, et al. Effect of ocean acidification on cya-
nobacteria in the subtropical North Atlantic. Aquat Microb Ecol. 2012; 66:211-222.

Béttjer D, Karl DM, Letelier RM, Viviani DA, Church MJ. Experimental assessment of diazotroph
responses to elevated seawater pCO, in the North Pacific Subtropical Gyre. Global Biogeochem
Cycles. 2014; 28:2013GB004690. https://doi.org/10.1002/2013GB004690

PLOS ONE | https://doi.org/10.1371/journal.pone.0193405  April 25,2018 19/22


https://doi.org/10.1034/j.1600-0889.1999.00023.x
https://doi.org/10.1034/j.1600-0889.1999.00023.x
https://doi.org/10.1126/science.1159124
http://www.ncbi.nlm.nih.gov/pubmed/18599765
https://doi.org/10.1146/annurev.marine.010908.163834
http://www.ncbi.nlm.nih.gov/pubmed/21141034
https://doi.org/10.1073/pnas.0906044106
https://doi.org/10.1073/pnas.0906044106
http://www.ncbi.nlm.nih.gov/pubmed/19666624
https://doi.org/10.1038/ismej.2010.79
http://www.ncbi.nlm.nih.gov/pubmed/20535222
https://doi.org/10.1038/35030078
https://doi.org/10.1038/35030078
http://www.ncbi.nlm.nih.gov/pubmed/11014189
https://doi.org/200810.1029/2007GL032583
https://doi.org/10.1111/j.1529-8817.2007.00355.x
https://doi.org/10.1073/pnas.1011053108
http://www.ncbi.nlm.nih.gov/pubmed/21173255
https://doi.org/10.3354/ame01446
https://doi.org/10.1146/annurev.arplant.56.032604.144052
https://doi.org/10.1146/annurev.arplant.56.032604.144052
http://www.ncbi.nlm.nih.gov/pubmed/15862091
https://doi.org/10.1023/A:1025821717773
http://www.ncbi.nlm.nih.gov/pubmed/16228367
https://doi.org/10.1002/2013GB004690
https://doi.org/10.1371/journal.pone.0193405

@° PLOS | ONE

Effects of elevated pCO, on plankton productivity in the NPSG

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

Langer G, Geisen M, Baumann K-H, Klas J, Riebesell U, Thoms S, et al. Species-specific responses of
calcifying algae to changing seawater carbonate chemistry. Geochem Geophys Geosyst. 2006; 7:
QO09006. https://doi.org/10.1029/2005GC001227

Marafién E, Balch WM, Cermefio P, Gonzalez N, Sobrino C, Fernandez A, et al. Coccolithophore calcifi-
cation is independent of carbonate chemistry in the tropical ocean. Limnol Oceanogr. 2016; 61: 1345—
1357. https://doi.org/10.1002/Ino.10295

Shi D, Kranz SA, Kim J-M, Morel FMM. Ocean acidification slows nitrogen fixation and growth in the
dominant diazotroph Trichodesmium under low-iron conditions. Proc Natl Acad Sci USA. 2012; 109:
E3094—E3100. https://doi.org/10.1073/pnas.1216012109 PMID: 23071328

Hendriks |IE, Duarte CM, Alvarez M. Vulnerability of marine biodiversity to ocean acidification: A meta-
analysis. Estuar Coast Shelf S. 2010; 86: 157—-164. https://doi.org/10.1016/j.ecss.2009.11.022

Kim J-M, Lee K, Shin K, Yang EJ, Engel A, Karl DM, et al. Shifts in biogenic carbon flow from particulate
to dissolved forms under high carbon dioxide and warm ocean conditions. Geophys Res Lett. 2011; 38:
L08612. https://doi.org/201110.1029/2011GL047346

Field CB, Behrenfeld MJ, Randerson JT, Falkowski P. Primary production of the biosphere: Integrating
terrestrial and oceanic components. Science. 1998; 281: 237—240. https://doi.org/10.1126/science.
281.5374.237 PMID: 9657713

Karl D, Hebel D, Bjérkman K, Letelier R. The role of dissolved organic matter release in the productivity
of the oligotrophic North Pacific Ocean. Limnol Oceanogr. 1998; 43: 1270-1286.

Yamada N, Suzumura M. Effects of seawater acidification on hydrolytic enzyme activities. J Oceanogr.
2010; 66: 233—241. https://doi.org/10.1007/s10872-010-0021-0

Piontek J, Lunau M, Handel N, Borchard C, Wurst M, Engel A. Acidification increases microbial polysac-
charide degradation in the ocean. Biogeosciences. 2010; 7: 1615—-1624. https://doi.org/10.5194/bg-7-
1615-2010

Endres S, Galgani L, Riebesell U, Schulz K-G, Engel A. Stimulated bacterial growth under elevated
pCOs,: Results from an off-shore mesocosm study. PLoS ONE. 2014; 9: €99228. https://doi.org/10.
1371/journal.pone.0099228 PMID: 24941307

Piontek J, Borchard C, Sperling M, Schulz KG, Riebesell U, Engel A. Response of bacterioplankton
activity in an Arctic fjord system to elevated pCO.: results from a mesocosm perturbation study. Bio-
geosciences. 2013; 10: 297-314. https://doi.org/10.5194/bg-10-297-2013

Gattuso J-P, Epitalon J-M, Lavigne H, Orr J, Gentili B, Hofmann A, et al. seacarb: Seawater Carbonate
Chemistry [Internet]. 2015. Available: http://cran.r-project.org/web/packages/seacarb/index.html

Uppstréom LR. The boron/chlorinity ratio of deep-sea water from the Pacific Ocean. Deep Sea Res I.
1974; 21:161-162. https://doi.org/10.1016/0011-7471(74)90074-6

Perez FF, Fraga F. Association constant of fluoride and hydrogen ions in seawater. Mar Chem. 1987;
21: 161-168. https://doi.org/10.1016/0304-4203(87)90036-3

Dickson AG. Standard potential of the reaction: AgCI(s) + 12H2(g) = Ag(s) + HCl(aq), and and the stan-
dard acidity constant of the ion HSO4~- in synthetic sea water from 273.15 to 318.15 K. J Chem Thermo-
dyn. 1990; 22: 113—-127. https://doi.org/10.1016/0021-9614(90)90074-Z

Lueker TJ, Dickson AG, Keeling CD. Ocean pCO, calculated from dissolved inorganic carbon, alkalin-
ity, and equations for K; and K: validation based on laboratory measurements of CO, in gas and sea-
water at equilibrium. Mar Chem. 2000; 70: 105—-119. https://doi.org/10.1016/S0304-4203(00)00022-0

Hu C, Lee Z, Franz B. Chlorophyll a algorithms for oligotrophic oceans: A novel approach based on
three-band reflectance difference. J Geophys Res. 2012; 117: C01011. https://doi.org/10.1029/
2011JC007395

Winn CD, Li Y-H, Mackenzie FT, Karl DM. Rising surface ocean dissolved inorganic carbon at the
Hawaii Ocean Time-series site. Mar Chem. 1998; 60: 33—47. https://doi.org/10.1016/S0304-4203(97)
00085-6

Dickson AG, Sabine CL, Christian JR. Guide to best practices for ocean CO2 measurements [Internet].
Sidney Canada: North Pacific Marine Science Organization; 2007 p. 191. Report No.: 3. Available:
http://www.oceandatapractices.net/handle/11329/249

Clayton TD, Byrne RH. Spectrophotometric seawater pH measurements: total hydrogen ion concentra-
tion scale calibration of m-cresol purple and at-sea results. Deep Sea Res |. 1993; 40: 2115-2129.
https://doi.org/10.1016/0967-0637(93)90048-8

Kirchman D, K’'nees E, Hodson R. Leucine incorporation and its potential as a measure of protein syn-
thesis by bacteria in natural aquatic systems. Appl Environ Microbiol. 1985; 49: 599-607. PMID:
3994368

Simon M, Azam F. Protein content and protein synthesis rates of planktonic marine bacteria. Mar Ecol
Prog Ser. 1989; 51:201-213. https://doi.org/10.3354/meps051201

PLOS ONE | https://doi.org/10.1371/journal.pone.0193405  April 25,2018 20/22


https://doi.org/10.1029/2005GC001227
https://doi.org/10.1002/lno.10295
https://doi.org/10.1073/pnas.1216012109
http://www.ncbi.nlm.nih.gov/pubmed/23071328
https://doi.org/10.1016/j.ecss.2009.11.022
https://doi.org/201110.1029/2011GL047346
https://doi.org/10.1126/science.281.5374.237
https://doi.org/10.1126/science.281.5374.237
http://www.ncbi.nlm.nih.gov/pubmed/9657713
https://doi.org/10.1007/s10872-010-0021-0
https://doi.org/10.5194/bg-7-1615-2010
https://doi.org/10.5194/bg-7-1615-2010
https://doi.org/10.1371/journal.pone.0099228
https://doi.org/10.1371/journal.pone.0099228
http://www.ncbi.nlm.nih.gov/pubmed/24941307
https://doi.org/10.5194/bg-10-297-2013
http://cran.r-project.org/web/packages/seacarb/index.html
https://doi.org/10.1016/0011-7471(74)90074-6
https://doi.org/10.1016/0304-4203(87)90036-3
https://doi.org/10.1016/0021-9614(90)90074-Z
https://doi.org/10.1016/S0304-4203(00)00022-0
https://doi.org/10.1029/2011JC007395
https://doi.org/10.1029/2011JC007395
https://doi.org/10.1016/S0304-4203(97)00085-6
https://doi.org/10.1016/S0304-4203(97)00085-6
http://www.oceandatapractices.net/handle/11329/249
https://doi.org/10.1016/0967-0637(93)90048-8
http://www.ncbi.nlm.nih.gov/pubmed/3994368
https://doi.org/10.3354/meps051201
https://doi.org/10.1371/journal.pone.0193405

@° PLOS | ONE

Effects of elevated pCO, on plankton productivity in the NPSG

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Church M, Ducklow H, Letelier R, Karl D. Temporal and vertical dynamics in picoplankton photohetero-
trophic production in the subtropical North Pacific Ocean. Aquat Microb Ecol. 2006; 45: 41-53.

Smith DC, Azam F. A simple, economical method for measuring bacterial protein synthesis rates in sea-
water using *H-leucine. Mar Microb Food Webs. 1992; 6: 107-114.

Letelier R, Dore J, Winn C, Karl D. Seasonal and interannual variations in photosynthetic carbon assimi-
lation at Station ALOHA. Deep Sea Res II. 1996; 43: 467—490.

Garside C. A chemiluminescent technique for the determination of nanomolar concentrations of
nitrate and nitrite in seawater. Mar Chem. 1982; 11: 159-167. https://doi.org/10.1016/0304-4203(82)
90039-1

Dore JE, Karl DM. Nitrite distributions and dynamics at Station ALOHA. Deep Sea Res II. 1996; 43:
385—402. https://doi.org/10.1016/0967-0645(95)00105-0

Karl DM, Tien G. MAGIC: A sensitive and precise method for measuring dissolved phosphorus in
aquatic environments. Limnol Oceanogr. 1992; 37: 105-116.

Church MJ, Mahaffey C, Letelier RM, Lukas R, Zehr JP, Karl DM. Physical forcing of nitrogen fixation
and diazotroph community structure in the North Pacific subtropical gyre. Global Biogeochem Cycles.
2009; 283: GB2020. https://doi.org/10.1029/2008GB003418

Egge J, Thingstad T, Larsen A, Engel A, Wohlers J, Bellerby R, et al. Primary production during nutri-
ent-induced blooms at elevated CO, concentrations. Biogeosciences. 2009; 6: 877—-885.

Li B, Karl DM, Letelier RM, Church MJ. Size-dependent photosynthetic variability in the North Pacific
Subtropical Gyre. Mar Ecol Prog Ser. 2011; 440: 27-40. https://doi.org/10.3354/meps09345

Riser S, Johnson K. Net production of oxygen in the subtropical ocean. Nature. 2008; 451: 323-U5.
https://doi.org/10.1038/nature06441 PMID: 18202655

Badger M, Andrews T, Whitney S, Ludwig M, Yellowlees D, Leggat W, et al. The diversity and coevolu-
tion of Rubisco, plastids, pyrenoids, and chloroplast-based CO,-concentrating mechanisms in algae.
Can J Bot. 1998; 76: 1052—1071.

Church M, Ducklow H, Karl D. Light dependence of [*H]leucine incorporation in the oligotrophic North
Pacific ocean. Appl Environ Microbiol. 2004; 70: 4079-4087. https://doi.org/10.1128/AEM.70.7.4079-
4087.2004 PMID: 15240286

Bjorkman KM, Church MJ, Doggett JK, Karl DM. Differential assimilation of inorganic carbon and leu-
cine by Prochlorococcus in the oligotrophic North Pacific Subtropical Gyre. Front Microbiol. 2015; 6:
1401. https://doi.org/10.3389/fmicb.2015.01401 PMID: 26733953

Rii YM, Karl DM, Church MJ. Temporal and vertical variability in picophytoplankton primary productivity
in the North Pacific Subtropical Gyre. Mar Ecol Prog Ser. 2016; 562: 1-18. https://doi.org/10.3354/
meps11954

Engel A. Direct relationship between CO, uptake and transparent exopolymer particles production in
natural phytoplankton. J Plankton Res. 2002; 24: 49-53. https://doi.org/10.1093/plankt/24.1.49

Yoshimura T, Nishioka J, Suzuki K, Hattori H, Kiyosawa H, Watanabe YW. Impacts of elevated CO, on
organic carbon dynamics in nutrient depleted Okhotsk Sea surface waters. J Exp Mar Biol Ecol. 2010;
395: 191-198. https://doi.org/10.1016/j.jembe.2010.09.001

Engel A, Borchard C, Piontek J, Schulz KG, Riebesell U, Bellerby R. CO, increases *C primary produc-
tion in an Arctic plankton community. Biogeosciences. 2013; 10: 1291-1308. https://doi.org/10.5194/
bg-10-1291-2013

MacGilchrist GA, Shi T, Tyrrell T, Richier S, Moore CM, Dumousseaud C, et al. Effect of enhanced
pCO, levels on the production of dissolved organic carbon and transparent exopolymer particles in
short-term bioassay experiments. Biogeosciences. 2014; 11: 3695-3706. https://doi.org/10.5194/bg-
11-3695-2014

Zark M, Riebesell U, Dittmar T. Effects of ocean acidification on marine dissolved organic matter are not
detectable over the succession of phytoplankton blooms. Sci Adv. 2015; 1: e1500531. https://doi.org/
10.1126/sciadv.1500531 PMID: 26601292

Lohbeck KT, Reusch TBH, Riebesell U. Adaptive evolution of a key phytoplankton species to ocean
acidification. Nature Geoscience. 2012; 5: 346. https://doi.org/10.1038/ngeo1441

Rivkin R, Legendre L. Biogenic carbon cycling in the upper ocean: Effects of microbial respiration. Sci-
ence. 2001; 291: 2398-2400. https://doi.org/10.1126/science.291.5512.2398 PMID: 11264533

Gillooly J, Brown J, West G, Savage V, Charnov E. Effects of size and temperature on metabolic rate.
Science. 2001; 293: 2248-2251. https://doi.org/10.1126/science.1061967 PMID: 11567137

Polovina JJ, Howell EA, Abecassis M. Ocean’s least productive waters are expanding. Geophys Res
Lett. 2008; 35. https://doi.org/10.1029/2007GL031745

PLOS ONE | https://doi.org/10.1371/journal.pone.0193405  April 25,2018 21/22


https://doi.org/10.1016/0304-4203(82)90039-1
https://doi.org/10.1016/0304-4203(82)90039-1
https://doi.org/10.1016/0967-0645(95)00105-0
https://doi.org/10.1029/2008GB003418
https://doi.org/10.3354/meps09345
https://doi.org/10.1038/nature06441
http://www.ncbi.nlm.nih.gov/pubmed/18202655
https://doi.org/10.1128/AEM.70.7.4079-4087.2004
https://doi.org/10.1128/AEM.70.7.4079-4087.2004
http://www.ncbi.nlm.nih.gov/pubmed/15240286
https://doi.org/10.3389/fmicb.2015.01401
http://www.ncbi.nlm.nih.gov/pubmed/26733953
https://doi.org/10.3354/meps11954
https://doi.org/10.3354/meps11954
https://doi.org/10.1093/plankt/24.1.49
https://doi.org/10.1016/j.jembe.2010.09.001
https://doi.org/10.5194/bg-10-1291-2013
https://doi.org/10.5194/bg-10-1291-2013
https://doi.org/10.5194/bg-11-3695-2014
https://doi.org/10.5194/bg-11-3695-2014
https://doi.org/10.1126/sciadv.1500531
https://doi.org/10.1126/sciadv.1500531
http://www.ncbi.nlm.nih.gov/pubmed/26601292
https://doi.org/10.1038/ngeo1441
https://doi.org/10.1126/science.291.5512.2398
http://www.ncbi.nlm.nih.gov/pubmed/11264533
https://doi.org/10.1126/science.1061967
http://www.ncbi.nlm.nih.gov/pubmed/11567137
https://doi.org/10.1029/2007GL031745
https://doi.org/10.1371/journal.pone.0193405

o @
@ : PLOS | ONE Effects of elevated pCO, on plankton productivity in the NPSG

67. Krause E, Wichels A, Giménez L, Lunau M, Schilhabel MB, Gerdts G. Small changes in pH have direct
effects on marine bacterial community composition: a microcosm approach. PLoS ONE. 2012; 7:
e47035. https://doi.org/10.1371/journal.pone.0047035 PMID: 23071704

68. Richier S, Achterberg EP, Dumousseaud C, Poulton AJ, Suggett DJ, Tyrrell T, et al. Phytoplankton
responses and associated carbon cycling during shipboard carbonate chemistry manipulation experi-
ments conducted around Northwest European shelf seas. Biogeosciences. 2014; 11: 4733—-4752.
https://doi.org/10.5194/bg-11-4733-2014

PLOS ONE | https://doi.org/10.1371/journal.pone.0193405  April 25,2018 22/22


https://doi.org/10.1371/journal.pone.0047035
http://www.ncbi.nlm.nih.gov/pubmed/23071704
https://doi.org/10.5194/bg-11-4733-2014
https://doi.org/10.1371/journal.pone.0193405

