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Scientific Significance Statement

Most models and predictions of the oceans under climate warming assume relatively high temperature sensitivities of phyto-
plankton growth, derived mainly from laboratory studies. Such assumptions are questionable under nutrient limitation, and
mortality (loss) factors must also be considered for nutrient-poor waters, where production, nutrient cycling, and biomass
turnover need to balance. Our investigation of picophytoplankton biomass (B), production (P), and growth along a natural
10�C temperature gradient in the oligotrophic eastern Indian Ocean reveals low temperature sensitivities of P : B and growth
rates, especially for Prochlorococcus, the biomass dominant. From documented variability in cell surface properties of
Prochlorococcus and their effectiveness in reducing grazing vulnerability, we hypothesize that the selection for mortality
defenses could be important for understanding microbial adaptations to a warming ocean. We also highlight natural environ-
mental gradients that bridge future conditions in the contemporary ocean as major resources for investigating microbial physi-
ological, genetic, and ecological adaptations and testing hypotheses.

Abstract
We investigated temperature sensitivities of picophytoplankton growth along a natural 10�C (18–28�C) temper-
ature gradient in the eastern Indian Ocean characterized by deep mixing and consistently low dissolved nitro-
gen. Population biomass (B), cell carbon, and chlorophyll were measured by flow cytometry. Instantaneous
growth (μ) and production (P) were calculated from dilution incubations at four light levels. Contrary to most
empirical and theoretical predictions, Prochlorococcus, the biomass dominant, showed insignificant temperature
sensitivity, with nominal Q10 values of 1.06 and 1.18 for P : B and μ, respectively, and activation energies (Ea)
of 0.05 and 0.12 eV. Q10 and Ea values for Synechococcus (1.36–1.42 and 0.23–0.27 eV) were also below predic-
tion, and picoeukaryotes showed high variability, including negative rates suggesting lytic cycles, at high
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temperature. We emphasize the importance of using adapted communities in natural environmental gradients
to test climate predictions and hypothesize that mortality defenses are a significant selection criterion in bal-
anced oligotrophic systems.

Most climate change models predict expanding areas of
ocean oligotrophy due to increasing thermal stratification and
reduced nutrient input to the euphotic zone (Behrenfeld
et al. 2006). Such conditions favor photosynthetic bacteria
and small eukaryotes (EUK) that dominate phytoplankton
communities in warm low-nutrient seas, but how these
populations will adapt to and function under warmer condi-
tions remains highly uncertain. On one hand, strong tempera-
ture enhancement of growth is predicted by various empirical
and theoretical relationships (Eppley 1972; Allen et al. 2005;
Sherman et al. 2016). The Q10 for picophytoplankton growth
(= 2.3; Stawiarski et al. 2016) is at the high end of these esti-
mates. On the other hand, temperature sensitivity of phyto-
plankton photosynthesis and respiration may be greatly
suppressed when nutrients are limited (Marañ�on et al. 2018).
Warming stimulation of protistan grazing or viral infection
could also drive the selection for lineages with cell-surface
properties or chemical defenses that reduce mortality pressure
(Waterbury and Valois 1993; Monger et al. 1999; Strom
et al. 2003, 2012), allowing population maintenance at slower
growth than predicted by general temperature functions. Ulti-
mately, the most effective strategies for existing or dominat-
ing in warmer oligotrophic oceans will be determined in
microbial systems with closely coupled rates of production,
mortality and nutrient cycling processes. The outcomes may
be difficult to determine from experiments with cultures
grown for generations on prescribed media without predators,
or even from naturally collected communities challenged by
environmental conditions not yet experienced. As an alterna-
tive, experimental observations along natural environmental
gradients that bridge future conditions in the contemporary
ocean can provide valuable insights into the net effects of the
interdependent factors that affect growth.

The Indian Ocean (IO) receives excess heat from the Pacific
through the Indonesian Throughflow (ITF), the only low lati-
tude connection between oceans, and is the fastest warming
ocean over the past two decades (Lee et al. 2015; Desbruyères
et al. 2017). Over the same period, IO waters also account for
most of the global decline in satellite-estimated ocean produc-
tivity (Gregg and Rousseux 2019). We investigated microbial
food-web interactions along a transect in the eastern IO in
2019 and here report biomass (B), production (P), and growth
rate estimates for photosynthetic bacteria and small EUK
along an oligotrophic thermal gradient of 10�C. Contrary to
the null hypothesis of a consistent and relatively strong
thermal enhancement, P : B responses were different, with
Prochlorococcus (PRO) showing no significant change in bio-
mass turnover over the gradient, Synechococcus (SYN) showing
a significant but lower-than-expected growth increase, and

photosynthetic EUK exhibiting strong variability and negative
rates suggestive of elevated viral lysis in high-temperature and
high-light waters. These picoplankton groups appear to face
different challenges and may have different selected solutions
for adapting to warmer ocean conditions.

Materials and methods
Study site and experimental setup

Sampling and experiments were conducted on R/V Investi-
gator cruise IN2019V03 (17 May to 05 June 2019) on a south-
to-north transect along longitude 110�E, west of Australia
(Fig. 1; Landry et al. 2020). The present study considers 17 sta-
tions (35–11.5�S) located north of the subtropical front, where
the euphotic zones were similarly oligotrophic and well mixed
to at least the penetration depth of 7.6% incident light (% Io
measured as PAR, photosynthetically active radiation). Sta-
tions were occupied on successive days, with sampling done
on a consistent daily schedule, followed by late-night transit
between stations. Mean light extinction coefficients deter-
mined from morning CTD hydrocasts were used to compute
sampling depths corresponding to the transmission character-
istics of calibrated shipboard incubators. Experimental water
was collected on the evening (� 21:00 local) hydrocasts at
depths corresponding to 75.6%, 31.7%, 18.0%, and 7.6% Io.
Deeper samples (< 3% Io) are excluded because they were
below the layer of uniform mixing and included the upper
nitracline at some stations.

For each depth, we prepared a two-treatment dilution
experiment (Landry et al. 2008, 2011), with one polycarbon-
ate bottle (2.7 liters) containing unfiltered seawater (100%)
and the second (diluted) bottle consisting of � 33% whole
seawater with filtered water from the same depth. Seawater
was filtered directly from the Niskin bottles using a peristaltic
pump, silicone tubing and an in-line 0.2-μm Suporcap filter
capsule that had previously been acid washed. Dilution bot-
tles were first given a measured volume of filtered water and
then gently filled to the top with unscreened water from the
Niskin bottles to avoid physical damage to fragile protists.
Consistent with previous open-ocean studies with the two-
treatment method (Landry et al. 2008, 2011), nutrients
were not added to the incubation bottles. In the oligotrophic
Sargasso Sea, nutrient additions suppressed grazing and were
not necessary for linearity (Lessard and Murrell 1998). Each
bottle was subsampled for flow cytometry (FCM) analysis
(2 mL) for initial microbial concentrations, and the bottles
were placed in their respective light boxes for 24 h, cooled
with constant high flow from the ship’s running seawater
line. The incubators were covered to protect from deck
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lighting during nighttime operations and received full solar
lighting during the daytime.

Environmental measurements
We distinguish between measurements that represent

experimental incubation conditions vs. the water’s prior his-
tory at the collection station on the previous day. Tempera-
ture and salinity were measured during sample collection by
CTD sensors and direct shipboard analyses (Guildline 8400B
salinometer). Incubation temperature is the mean of two sen-
sors in the ship’s running seawater line, recorded at 5-min
intervals and daily averaged. Daily incident solar light (PAR,
moles photon flux m�2 d�1 = Ei m�2 d�1) is the mean of two
Licor LI-190 PAR sensors positioned on the ship’s port and
starboard sides, integrated over the photoperiod from mea-
sured μEi m�2 s�1 at 5-min intervals. Wind speed was also
measured by two instruments (RM Young 05106 Propellor
anemometer, Gill WindObserver II Ultrasonic anemometer),
averaged for the daytime as an indicator of day-to-day vari-
ability in wind mixing energy. Nutrients were analyzed on
board by the CSIRO hydrochemistry group using a Seal
AA3HR segmented-flow autoanalyzer (Rees et al. 2018). Ana-
lyses were standardized to certified reference material and had
detection limits of 0.02 μM for nitrate + nitrite and phos-
phate, 0.2 μM for silicate, and 0.01 μM for ammonium.

Population biomass and production
Picophytoplankton FCM samples were preserved with 3%

paraformaldehyde and frozen at �80�C. Thawed samples were
stained with Hoechst 34580 (1 μg mL�1) and analyzed at a
flow rate of 30 μL min�1 with a Beckman-Coulter CytoFLEX-S

instrument with four lasers (Selph 2021). Side scatter, forward
angle light scatter (FALS), and fluorescence signals were col-
lected using laser excitation (EX)/emission (EM) filters of
EX375/EM450 � 45 for Hoechst-stained DNA, EX488/
EM690 � 50 for chlorophyll (Chl), and EX561/EM585 � 42
for phycoerythrin. Listmode files (FCS 3.0) were analyzed with
FlowJo software (v.10.6.1) for abundances of PRO, SYN, and
EUK and their normalized fluorescence and scatter signals rel-
ative to fluorescent bead standards.

Population carbon estimates were determined from cell
abundances and mean cell carbon scaled to relative cell sizes.
For PRO, we assumed a base value of 32 fg C cell�1 and a
mean diameter of 0.65 μm for subtropical surface waters. Base
values for SYN and EUK were scaled proportionally to 155 and
3150 fg C cell�1 for cells of 1.1 and 3.0 μm diameters, respec-
tively. To account for potential cell carbon variability along
the transect, we used the bead-normalized FALS ratio (FALSi/
FALSb)

0.55 as a measure of the relative cell biovolume in sam-
ple i compared to the base value b (Landry et al. 2003), which
derives from the near-linear relationship between FALS and
Mie scattering cross section for cells in the submicron-micron
size range (DuRand and Olson 1996). We also use bead-
normalized red fluorescence captured by filter EM690 � 50 as
a relative measure of cell Chl a content.

For each dilution experiment, net rates of population
growth from initial and final FCM samples in diluted (kd) and
undiluted (k) treatments were used to compute rate estimates
of microzooplankton grazing mortality (m, d�1) and instanta-
neous growth rate (μ, d�1) as: m = (kd � k)/(1 � D) and
μ = k + m, where D = 0.33 is the mean measured dilution

Fig. 1. Study area map with contour plots of temperature (�C) and nutrients (nitrate + nitrite, μM) along 110�E, west of Australia.
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factor (Landry et al. 2008; Landry and Selph 2021). Carbon-
based estimates of production (P) were calculated from growth
and grazing rates and initial estimates of population carbon
(Bo) as:

P mg Cm�3 d�1
� �

¼ μ�Bo e μ�mð Þt –1
� �

= μ –mð Þt ð1Þ

For each station, population biomass and production esti-
mates are presented as the mean � standard error, treating the
experiments from four light depths as replicates. At 12.5�S,
however, only three production estimates are averaged
because a deep euphotic zone sample was mistakenly incu-
bated at the highest (76%) light. P : B ratios are computed
from depth-integrated values of P and B from the surface to
the 7.6% light depth.

Results
An oligotrophic thermal gradient

The 110�E transect bridged two distinct water masses of the
eastern IO. The high-salinity (> 35.7 psu) water between 35�S
and 27.5�S (Table 1) is subtropical water of the South Indian
Central region (Rochford 1977). The warmer low-salinity
(< 34.3 psu) water north of 14�S is tropical surface water that
enters the IO from the Pacific via the ITF. The intermediate
area of T-S properties is a mixing region. During our sampling,
the interactions of these waters created a strong thermal gradi-
ent of � 10�C between southern subtropical (� 18�C) and
tropical (28�C) waters. The 7.6% light depth for experimental
sampling varied from 44 to 70 m and averaged 55.5 � 1.8 m.
Physical and chemical variables (T, S, and nutrients) were well
mixed to at least this light depth and usually deeper. Mean
nitrate + nitrite concentrations were 0.03 μM or less at all sta-
tions except 35�S (closest to the subtropical front, where the
nutricline breaks the surface), and ammonium (not shown)
was below the 0.01 μM detection limit. Excess ratios of phos-
phate and silicate relative to nitrate + nitrite are indicative of
strong nitrogen limitation.

Biomass, production, and growth relationships
While population biomasses were not as uniformly distrib-

uted in the mixed layer as physical variables, none of the four
sampling depths differed significantly relative to the mixed-
layer mean for the transect as a whole. PRO dominated bio-
mass at stations north of 32�S and was consistently 6–10 mg
C m�3 through the tropical and mixing regions (< 27.5�S;
Table 1). SYN and EUK biomasses were lowest in the mixing
region and at least twofold higher, on average, at the southern
and northern ends. All populations had highest biomass in
tropical waters, though at different stations.

Production estimates for PRO and SYN closely follow latitu-
dinal trends for biomass and have relatively small uncertainty
estimates despite being experiments from different depths
and light levels (Table 2). The latter result is consistent with

observations from the equatorial Pacific, where phytoplank-
ton typically has maximal growth at light levels down to
� 10% Io before declining with depth (Landry et al. 2011).
The similarity of production and biomass trends is verified by
the depth-integrated P : B ratios, which are relatively flat with
respect to the latitudinal temperature gradient (Fig. 2, upper
panels). The P : B slope is not different from zero for PRO
(p > 0.74), but P : B for SYN shows a relative rate increase
(p < 0.025) that corresponds to a Q10 of 1.36. That P : B
increase, however, involves a substantial change in incident
PAR over the transect, from < 20 Ei m�2 d�1 for most of the
cooler subtropical stations to � 36–37 Ei m�2 d�1 for most of
the warmer northern stations. The P : B-temperature relation-
ship for EUK is insignificant due to substantial variability,
including negative production, in the warmest (27–28�C)
waters. At stations with negative rates (18.5�S and 14�S), EUK
cells declined dramatically between initial and final (post-
incubation) FCM cell counts, most notably at highest light
(76% Io). In the flow cytograms, the cells disappeared
completely rather than merging with other count categories.

The P : B temperature trends are largely determined by
instantaneous growth rates, the major term in the production
rate calculations (Eq. 1). Growth rates for PRO average 0.53 d�1,
with an insignificant temperature relationship (p > 0.30;
Fig. 2, bottom). SYN shows a 43% growth rate increase from
0.58 to 0.82 d�1 over the 10�C gradient (p < 0.004), while EUK
growth is highly variable (�0.45 to 0.95 d�1) at 27–28�C with
no temperature trend overall.

Bead-normalized scattering and fluorescence properties
indicate significant variability in cell carbon and Chl
a content over the transect (Fig. 3). PRO cell C declines 25%
(38.2–30.6 fg C cell�1) from the most southern to northern
stations while cell Chl a declines more dramatically by 3.1
fold. SYN Chl a content similarly declines by substantially
more (3.7 fold) than the 44% (185–133 fg C cell�1) decrease
in cell C. EUK shows no clear latitudinal trends in cellular C
and Chl a, but the ratio of red fluorescence to C is � 65%
lower on the northern end compared to the most southern
station.

Discussion
Temperature effects on growth rates

Ocean ecosystem models generally parameterize phyto-
plankton temperature sensitivity as a rate doubling for every
10�C increase (Q10 = 2.0; e.g., Marinov et al. 2010), based pri-
marily on lab studies (Eppley 1972; Stawiarski et al. 2016).
More formally, the Metabolic Theory of Ecology predicts an
activation energy (Ea) of 0.32 eV for phytoplankton growth
(Allen et al. 2005). Our results for adapted communities along
a natural oligotrophic temperature gradient are substantially
lower. The temperature trends for PRO are insignificant, but
regression calculations for 18�C and 28�C give nominal Q10

values of 1.06 and 1.18 for P : B and μ, respectively, which

Landry et al. Temperature effects on picophytoplankton P : B

115



T
ab

le
1
.
En

vi
ro
nm

en
ta
l
va
ria

bl
es

an
d

pi
co

pl
an

kt
on

bi
om

as
s
in

th
e
m
ix
ed

la
ye
r
al
on

g
th
e
11

0�
E
tr
an

se
ct

in
M
ay
–
Ju
ne

20
19

.
Te

m
pe

ra
tu
re
,
sa
lin

ity
,
di
ss
ol
ve
d

nu
tr
ie
nt
s,
an

d
bi
om

as
s
ar
e
th
e
m
ea
ns

of
in
de

pe
nd

en
t
m
ea
su
re
m
en

ts
at

fo
ur

sa
m
pl
ed

lig
ht

de
pt
hs

fr
om

76
%

to
7.
6%

I o
.I
nc

id
en

t
PA

R
an

d
w
in
d
ve
lo
ci
ty

w
er
e
ea
ch

m
ea
su
re
d
by

tw
o
in
st
ru
m
en

ts
.U

nc
er
ta
in
tie

s
ar
e
st
an

da
rd

er
ro
rs

of
m
ea
n
va
lu
es
.

La
t

Te
m
p

Sa
lin

it
y

PA
R

W
in
d

D
is
so

lv
ed

n
ut
ri
en

ts
(μ
M
)

Po
p
ul
at
io
n
b
io
m
as
s
(m

g
C
m

�
3
)

(�
S)

(�
C
)

(p
su
)

(E
im

�
2
d
�
1
)

(k
m

h
�
1
)

N
O

3
+

N
O

2
PO

4
Si
O

2
PR

O
SY

N
EU

K

35
.0

17
.7
�0

.0
35

.8
4�

0.
00

20
.4
�0

.1
40

.7
�0

.1
0.
05

�0
.0
0

0.
06

�0
.0
0

1.
10

�0
.0
0

2.
31

�0
.0
3

0.
87

�0
.0
3

5.
98

�0
.4
1

33
.5

18
.1
�0

.0
35

.9
1�

0.
00

15
.2
�0

.1
25

.8
�0

.1
0.
03

�0
.0
0

0.
06

�0
.0
0

1.
40

�0
.0
0

3.
06

�0
.0
6

0.
70

�0
.0
5

5.
79

�0
.0
8

32
.0

19
.5
�0

.0
35

.9
9�

0.
00

18
.7
�0

.1
12

.6
�0

.1
0.
03

�0
.0
0

0.
04

�0
.0
0

1.
70

�0
.0
0

3.
10

�0
.1
3

0.
63

�0
.0
2

5.
66

�0
.5
4

30
.5

20
.3
�0

.0
35

.9
1�

0.
00

16
.8
�0

.4
18

.2
�0

.2
0.
02

�0
.0
0

0.
03

�0
.0
0

2.
03

�0
.0
3

5.
87

�0
.0
8

0.
75

�0
.0
1

3.
26

�0
.0
8

29
.0

20
.6
�0

.1
35

.8
7�

0.
03

19
.0
�0

.5
27

.7
�0

.2
0.
03

�0
.0
0

0.
03

�0
.0
0

2.
08

�0
.0
6

4.
89

�0
.1
7

0.
43

�0
.0
2

2.
95

�0
.3
3

27
.5

21
.6
�0

.1
35

.7
5�

0.
03

17
.7
�0

.4
36

.2
�0

.1
0.
03

�0
.0
0

0.
03

�0
.0
0

2.
15

�0
.0
3

5.
35

�0
.5
4

0.
79

�0
.1
6

3.
60

�0
.6
1

26
.0

23
.4
�0

.1
35

.5
0�

0.
02

28
.4
�1

.9
36

.2
�0

.3
0.
02

�0
.0
0

0.
03

�0
.0
0

2.
38

�0
.0
3

7.
25

�0
.1
9

0.
31

�0
.0
1

2.
61

�0
.1
4

24
.5

24
.1
�0

.1
35

.4
1�

0.
02

25
.8
�1

.1
17

.8
�0

.0
0.
03

�0
.0
0

0.
03

�0
.0
0

2.
45

�0
.0
3

6.
58

�0
.4
5

0.
34

�0
.0
4

2.
04

�0
.2
5

23
.0

24
.9
�0

.1
35

.2
9�

0.
01

27
.6
�0

.9
12

.7
�0

.3
0.
03

�0
.0
0

0.
04

�0
.0
0

2.
65

�0
.0
3

7.
64

�0
.4
5

0.
33

�0
.0
6

2.
58

�0
.2
7

21
.5

25
.3
�0

.2
35

.2
2�

0.
04

34
.4
�1

.8
19

.4
�0

.3
0.
02

�0
.0
0

0.
05

�0
.0
1

2.
70

�0
.1
6

8.
27

�0
.3
0

0.
37

�0
.0
2

2.
50

�0
.4
2

20
.0

26
.3
�0

.1
35

.0
8�

0.
05

34
.3
�2

.4
19

.2
�0

.4
0.
02

�0
.0
0

0.
06

�0
.0
0

2.
63

�0
.0
8

9.
37

�0
.2
2

0.
35

�0
.0
3

2.
91

�0
.4
1

18
.5

26
.8
�0

.0
34

.7
4�

0.
02

37
.4
�0

.8
29

.2
�0

.1
0.
02

�0
.0
0

0.
04

�0
.0
0

1.
95

�0
.1
3

7.
52

�0
.0
5

0.
34

�0
.0
3

3.
68

�0
.2
4

17
.0

27
.0
�0

.0
34

.6
0�

0.
01

37
.3
�0

.8
40

.7
�0

.1
0.
00

�0
.0
0

0.
03

�0
.0
0

1.
68

�0
.0
3

7.
60

�0
.0
6

0.
29

�0
.0
2

4.
40

�0
.8
1

15
.5

27
.3
�0

.0
34

.6
1�

0.
01

35
.7
�1

.6
36

.5
�0

.0
0.
01

�0
.0
0

0.
04

�0
.0
0

1.
80

�0
.0
0

7.
80

�0
.2
2

0.
35

�0
.0
1

2.
87

�0
.2
4

14
.0

28
.1
�0

.0
34

.2
9�

0.
00

35
.8
�1

.0
31

.2
�0

.1
0.
03

�0
.0
0

0.
07

�0
.0
0

2.
53

�0
.0
3

5.
96

�0
.0
8

2.
46

�0
.0
9

9.
74

�0
.5
3

12
.5

27
.9
�0

.0
34

.1
3�

0.
00

36
.0
�0

.9
24

.9
�0

.1
0.
03

�0
.0
0

0.
05

�0
.0
0

2.
53

�0
.0
3

7.
73

�0
.1
6

3.
55

�0
.1
7

4.
86

�0
.1
9

11
.5

28
.0
�0

.0
34

.1
8�

0.
00

37
.6
�3

.4
19

.4
�0

.4
0.
02

�0
.0
0

0.
05

�0
.0
0

2.
08

�0
.0
3

9.
88

�0
.2
6

1.
07

�0
.0
2

3.
03

�0
.1
4

Landry et al. Temperature effects on picophytoplankton P : B

116



correspond to apparent Ea estimates of 0.05 and 0.12 eV. The
latter are in the range of low values (0.04–0.11 eV) reported
by Marañ�on et al. (2018) for phytoplankton respiration and
photosynthesis under nutrient-limited conditions. Q10 and Ea
values for SYN (1.36 for P : B, 1.42 for μ, 0.23 and 0.27 eV) are
significantly higher, but still below prediction. Liu
et al. (2021) also found lower Ea for PRO compared to SYN in
natural communities of the western subtropical Pacific sub-
jected to temperatures � 4�C different from the ambient
growth environment. In that case, however, both PRO and
SYN substantially exceeded the expected higher Ea = 0.65 eV
for heterotrophs, a possible indication of thermal stress in the
short-term perturbation experiments.

The temperature trends for EUK are ambiguous due to high
variability and substantial negative rates at 27–28�C (Fig. 2).
The cause for the latter is unknown but consistent with viral
infection or spontaneous lysis, which others have found more
prevalent for picoeukaryotes than photosynthetic bacteria
and exacerbated by high light and temperature (Augusti and
S�anchez 2002; Baudoux et al. 2007, 2008; Bidle 2016). This
could represent a significant challenge for EUKs in a warming
ocean that needs to be better studied. In our experiments, the
declines were not triggered by abrupt differences in light or
temperature between collection and incubation days (Tables 1
and 2), and they occurred in bottles that had not been
screened, filtered or manipulated in any way other than gentle

filling. However, decline rates may be exaggerated in bottles
incubated for a full day at high-light conditions compared to
cells that mix freely in the water column. The peak EUK bio-
mass at 14�S (9.7 mg C m�3) was the station where the
sharpest cell decline occurred during incubation. These obser-
vations, along with high growth rates measured under similar
conditions at adjacent stations, suggest a cyclical phenome-
non with alternating periods of stock buildup and depletion.

Since biomass (Bo) cancels in the P : B calculations, our cell
carbon estimates do not affect the P : B temperature relation-
ships but do help to quantify size and C : Chl a variability
underlying the trends (Fig. 3). For example, higher PRO and
SYN biomasses in warmer tropical waters involve smaller and
more abundant cells, and cell Chl a declines disproportion-
ately to C. If harvesting photons was the main determinate of
growth, growth could easily double if cells at the high-light
tropical stations maintained a proportional C : Chl a content
to those in the subtropics. For PRO, almost identical mean
P : B ratios are achieved at subtropical stations 32–33.5�S and
tropical stations 11.5–14�S while mean PAR is 1.78 times
higher and the Chl a : C ratio is 50% lower in tropical waters.
Normalizing production to PAR and Chl a : C, comparable
growth in the tropics is achieved at � 89% of the relative
light*Chl a product (1.78 � 0.5 = 0.89) than at lower subtrop-
ical temperature, implying a 12.6% efficiency increase in con-
verting light to C. Similarly, comparing the same station

Table 2. Incubation temperature and incident light conditions and population production estimates from shipboard dilution
conducted along the 110�E transect in May–June 2019. Production rates are the means of independent measurements at four sampled
light depths from 76% to 7.6% Io. Temperature and incident PAR were each measured by two instruments. Uncertainties are standard
errors of mean values.

Incubation conditions Population production (mg C m�3 d�1)

Lat (�S) Temp (�C) PAR (Ei m�2 d�1) PRO SYN EUK

35.0 18.12�0.05 15.2�0.1 0.87�0.12 0.54�0.11 1.73�0.40
33.5 19.16�0.05 18.7�0.1 2.09�0.22 0.63�0.10 0.61�0.99
32.0 20.26�0.05 16.8�0.4 2.15�0.13 0.46�0.08 1.62�0.75
30.5 20.69�0.05 19.0�0.5 2.73�0.14 0.55�0.03 0.99�0.44
29.0 21.85�0.05 17.7�0.4 2.95�0.13 0.38�0.04 0.83�0.50
27.5 23.31�0.05 28.4�1.9 3.64�0.60 0.85�0.16 1.38�0.91
26.0 24.06�0.05 25.8�1.1 4.40�0.58 0.27�0.04 0.87�0.67
24.5 24.88�0.05 27.6�0.9 5.91�0.91 0.33�0.06 0.17�0.34
23.0 25.58�0.05 34.4�1.8 3.78�0.39 0.27�0.04 0.53�0.27
21.5 26.44�0.05 34.3�2.4 5.24�0.96 0.29�0.05 1.62�0.25
20.0 26.88�0.05 37.4�0.8 3.38�1.19 0.35�0.06 2.41�0.85
18.5 27.10�0.05 37.3�0.8 3.16�0.48 0.27�0.03 �0.78�0.57
17.0 27.31�0.04 35.7�1.6 3.81�0.69 0.25�0.05 1.19�0.65
15.5 28.01�0.01 35.8�1.0 4.58�0.31 0.44�0.07 2.22�0.39
14.0 28.07�0.05 36.0�0.9 4.59�0.93 2.60�0.34 �1.40�1.99
12.5 28.11�0.05 37.6�3.4 5.57�2.29 2.96�1.15 0.77�1.04
11.5 28.06�0.05 21.1�0.5 5.96�0.34 1.16�0.16 0.23�0.54
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averages for SYN, 1.22-fold higher P : B is achieved at 1.78
higher PAR and 0.61 relative Chl a : C, yielding an almost
identical 13.0% efficiency increase that we might attribute to
temperature. However, these similar effects manifest differ-
ently, with SYN growing faster and PRO downregulating cell
Chl a more to achieve relatively constant growth.

Because growth rates (μ) are a major part of P : B calcula-
tions, they have similar temperature trends (Fig. 2). We high-
light the ratio here because the biomass component puts
growth into a clearer ecological context and the production
calculation (Eq. 1) reminds us that mortality has a role.
Regarding context, PRO is the clear biomass and production
dominant (Tables 1 and 2) despite faster SYN growth at all sta-
tions. Dominance structure is thus not explained only by fac-
tors (light, nutrients, temperature) that affect growth rate
directly. The maintenance of high PRO biomass in tropical
waters (Table 1) despite an expected temperature increase in
heterotroph C demand and grazing pressure (Chen
et al. 2012) suggests the need for a mechanism that keeps
mortality in check.

Hypotheses to explain the experimental results
Several hypotheses can be advanced to explain the present

experimental results. On the growth side, for example, flat
growth of PRO along the transect could occur if higher nutri-
ent supply rate in the subtropics offsets the higher light and
temperature conditions in tropical waters. This hypothesis is
inconsistent with the ITF being a major regional source of
nutrients and with established N-S trends in plankton biomass
and productivity along 110�E (Ayers et al. 2014; Landry
et al. 2020 and citations therein). The shallower nitracline in
tropical water (Fig. 1) further suggests the potential for higher
N supply to the euphotic zone in this area, and there is little
reason to expect that PRO would be competitively disadvan-
taged relative to SYN by trace element limitation. Thus, all
components (temperature, light, nutrients) of the “integrated
growth environment” (Behrenfeld et al. 2008) appear to favor
higher PRO growth in tropical waters.

On the mortality side of the equation, reduced cell size
(Fig. 3) could provide some predation relief in warmer water.
For bacterial prey and small flagellate consumers, clearance

Fig. 2. Production : biomass (P : B) ratios and growth rates for PRO, SYN, and photosynthetic EUK along a 10�C gradient in environmental temperature
in the oligotrophic eastern IO. Upper panels (red symbols and lines) are the ratios of depth-integrated carbon biomass and production from the surface
to the depth penetration of 7.6% incident PAR. Lower panels (blue symbols and lines) are corresponding mean instantaneous growth rates at four light
depths from 76% to 7.6 % Io. Uncertainties are standard errors of mean rates.
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rates vary proportionally with prey radius, consistent with the
predicted balance of hydrodynamic and surface forces at small
scales (Monger and Landry 1991). From transect estimates of
cell biovolumes, this equates to 8% reduced predation for
PRO, but a slightly higher 11% reduction for SYN. Thus, sub-
ject to the same consumers, PRO should benefit generally by
being smaller than SYN, with lower overall grazing losses all-
owing population maintenance at lower growth rates, but the
latitudinal trend in cell size does not favor PRO in a relative
sense or compensate for the large expected temperature
increase in grazing pressure (Chen et al. 2012).

In contrast to the above mechanisms, which offer little to
explain how growth and mortality of PRO can remain bal-
anced despite little temperature enhancement of growth, the
answer might lie in selection of specific properties that reduce
mortality. This recognizes that in nutrient-deficient waters at
steady state, where growth is fueled by recycled nutrients
driven by biomass turnover, equally viable microbial strategies
can emerge from selection of trade-offs in the interdependent
processes. The one we consider here, involving cell surface
properties, has support in documented predation defense
effectiveness for bacterial-sized organisms. For example,
Dadon-Pilosof et al. (2017) demonstrated that hydrophilic cell
surface of the abundant but slow-growing SAR11, the so-called

Teflon bacteria, significantly reduces contact capture by filter-
feeding tunicates relative to co-occurring microbes. Previously,
Monger et al. (1999) documented substantial variability in cell
surface hydrophobicity of PRO cultures and natural assem-
blages. Hydrophilic variants experienced significantly reduced
mortality from protistan grazers, suggesting a twofold range
in grazer vulnerability for the measured spectrum of variabil-
ity. Mixed-layer PRO dominants in that subtropical Pacific
study were on the hydrophobic end of the spectrum, more
vulnerable to grazers. We hypothesize that a shift in selective
advantage from hydrophobic surfaces in subtropical waters to
hydrophilic surfaces in tropical waters could account for the
relative constancy of PRO growth over the 110�E subtropical-
tropical gradient.

Implicit in the above hypotheses is the likelihood that pop-
ulation and trait variability along 110�E taps a deep pool of
genetic diversity. The eastern IO is a global biodiversity center
at the confluence of many of the ocean’s warmest and most
impoverished waters and reasonably draws from the federa-
tion of cell types (Biller et al. 2015) adapted to each source
environment. This highlights our point that the physiologi-
cal, genetic, and ecological responses of microbial communi-
ties to warming ocean conditions will be difficult to predict
from laboratory cultures or short-term field perturbation
experiments. Existing gradients of adapted complex commu-
nities like the eastern IO are natural laboratories for observa-
tion and hypothesis testing to improve understanding of the
general trends and subtleties of future changes.
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