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ARTICLE INFO ABSTRACT

Keywords: Particulate adenosine-5'-triphosphate (P-ATP) and particulate carbon (PC) concentrations were measured on
Microbial biomass approximately monthly intervals throughout the upper water column (0-1000 m) over a 30-yr (1989-2018)
Carbon period at Station ALOHA to track the seasonal-to-decadal variability in total microbial biomass and the dynamics
:::ion ALOHA of living-to-nonliving particulate organic matter pools. On selected cruises, slamples were also collected to a
Detritus depth of ~4800 m. P-ATP concentrations were relatively uniform (27-34 ng 1) throughout the upper euphotic

zone (0-100 m) with a distinct peak at 45 m. P-ATP concentrations were significantly higher (p < 0.001) in
summer (Jun-Aug) than in winter (Dec-Feb), especially between 45 and 100 m where the seasonal differences
averaged 28%. Below 100 m, P-ATP concentrations decreased rapidly with depth to a 30-yr mean value of 3.5 ng
ATP 17! at 250 m, and then decreased more gradually to a 30-yr mean value of 0.9 ng ATP 1! at 1000 m.
Between 125 and 175 m, the seasonal peak in P-ATP shifted to spring (Mar-May), with minima in fall (Sep-Nov)
and winter (Dec-Feb). No consistent seasonal variations in P-ATP were detected at depths >175 m, suggesting a
temporally stable habitat. Assuming a PC:P-ATP ratio of 250:1 (g g~1), the 0-100 m, 100-250 m, and 250-1000
m depth-integrated microbial biomass estimates were 775, 425, and 350 mg C m™2, respectively. Bathypelagic
zone (>1000 m) P-ATP concentrations, based on a more limited data set than the upper portions of the water
column, were low (0.4-0.7 ng ATP 171). However, when integrated over the entire deep water habitat
(1000-4800 m), bathypelagic zone microbial biomass was substantial (425 mg C m~2). Expressed as a percentage
of total PC, microbial biomass ranged from ~30% in the upper euphotic zone to ~3% at depths >3000 m,
emphasizing the preponderance of detrital PC throughout the entire water column. The total water column in-
ventory of microbial biomass at Station ALOHA was 2 g C m ™2 compared to ~18 g C m 2 for total suspended PC;
approximately 50% of the total microbial biomass is resident in the aphotic zone (>175 m). Although daily gross
primary production at Station ALOHA is on par with the total euphotic zone (0-175 m)-integrated microbial
biomass (~1 g Cm 2 d™! and ~1 g C m~2, respectively), the sources of C and energy fueling the substantial
aphotic zone microbial biomass (~1 g m~2) are not well understood at the present time.

North Pacific Subtropical Gyre

1. Introduction

More than half a century ago, Holm-Hansen and Booth (1966) pre-
sented a novel approach to estimate total microbial biomass in the sea
via the quantitative determination of particulate adenosine-5'-triphos-
phate (P-ATP). The conceptual and analytical breakthroughs for the use
of cellular ATP as a biomass indicator were enabled by two independent
discoveries. In 1941, Fritz Lipmann reported that ATP was the primary
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metabolic energy currency in living systems, and coined the term “high
energy phosphate bond” to refer to the - and y-P anhydride bonds of
ATP (Lipmann, 1941). Subsequent research on a broad variety of mi-
croorganisms (bacteria and protists) confirmed the central and universal
role of ATP in cellular metabolism. A few years later, William McElroy
reported that ATP was the substrate for the Photinus pyralis biolumi-
nescence reaction, leading to the development of a sensitive and specific
quantitative assay for ATP using the firefly luciferin-luciferase system
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(McElroy, 1947).

Prior to the introduction of the ATP-biomass assay in 1966, mea-
surement of ATP had been proposed as a method for the rapid detection
of viable bacteria (Levin et al., 1964), and as a possible life detection
experiment for exploration of Mars (Levin and Heim, 1965). This latter
experiment, with the codename Diogenes, would complement Gulliver,
the life detection experiment based on the production of **C-labeled
carbon dioxide from a variety of *C-labeled organic substrates (Levin
etal., 1962), which ultimately did travel to Mars aboard the 1976 Viking
lander. It is unfortunate that Diogenes was not selected for this impor-
tant astrobiological mission because the equivocal results from Gulliver
are still being debated four decades later (Levin and Straat, 2016).

The ATP-biomass method had two critical assumptions: (1) a near
constant biomass carbon (C)-to-ATP relationship (hereafter, C:ATP
ratio) in all living organisms and (2) a rapid turnover of ATP following
cell death and autolysis such that the presence of P-ATP in any given
sample would be restricted to living organisms. While subsequent
research has shown systematic changes in the C:ATP ratio under con-
ditions of nutrient depletion, energy starvation, or other forms of
metabolic stress (e.g., Dawes and Large, 1970; Amy et al., 1983), a
common C:ATP ratio has been demonstrated for a broad range of marine
microorganisms, and micrometazoans (<200 um; Holm-Hansen, 1970a;
1973). When used in conjunction with simultaneous measurements of
particulate C, nitrogen, and phosphorus (PC, PN, and PP, respectively),
chlorophyll a (Chl a), deoxyribonucleic acid (DNA), and lipopolysac-
charide (LPS), total microbial biomass can be apportioned into specific
autotrophic and heterotrophic compartments, along with estimation of
nonliving particulate organic detritus (Holm-Hansen et al., 1989;
Christian and Karl, 1994; Karl and Dobbs, 1998; Henderikx-Freitas et al.,
2021). Regarding the assumption of rapid ATP turnover, a short half-life
outside of living cells is essential for distinguishing living from nonliving
PC. Although cell-free ATP (so called dissolved ATP, D-ATP) has been
reported in a variety of aquatic ecosystems (Koenings and Hooper, 1973;
Azam and Hodson, 1977; Hodson et al., 1981; Nawrocki and Karl, 1989;
Bjorkman and Karl, 2005), it is not likely to interfere with the mea-
surement of P-ATP unless it adsorbs to nonliving particulate matter
(inorganic or organic), or onto the filter, thereby rendering it part of the
P-ATP pool. Holm-Hansen and Booth (1966) recognized this possibility
even before D-ATP was shown to be a ubiquitous component of the
marine dissolved organic matter pool, and showed that ATP extracted
from bacteria and algae does not readily adsorb onto nonliving partic-
ulate debris. Still, the possibility remains that certain inorganic particles
(e.g., resuspended sediment, clays, calcium carbonate, opal) could
adsorb D-ATP leading to an overestimate of the P-ATP concentration in
selected ecosystems if the adsorbed ATP resulted in light emission dur-
ing the firefly bioluminescence reaction. This can, and should be eval-
uated for each environmental application, along with other potential
interferences in the determination of P-ATP (Karl, 2007).

Over the past several decades, the P-ATP assay has been successfully
applied to a large number of ecological studies to estimate total micro-
bial biomass from near-freezing waters beneath the Ross Ice Shelf,
Antarctica (Azam et al., 1979) to near-boiling waters of deep-sea hy-
drothermal vents (Karl et al., 1984), and everywhere in between. In
general, P-ATP distributions in the open sea correlate with primary and
secondary production, decreasing with distance from shore and depth in
the water column (Karl and Dobbs, 1998). Marine habitats with strong
seasonal phasing in primary production (e.g., high latitude regions) also
have large (>10-fold) seasonal variations in euphotic zone P-ATP con-
centrations (Karl et al., 1991). Beyond the continental shelf and below
the euphotic zone, P-ATP concentrations are uniformly low (<10 ng
171, equivalent to a microbial biomass of ~2-3 pg C17!, with gradually
decreasing values (to <1 ng ATP I Hat depths >2000 m (Holm-Hansen,
1970b; Karl et al., 1976; Karl and Dobbs, 1998), confirming the exis-
tence of microbial life throughout the water column.

Although PC sets an upper limit on total biomass-C, the proportion of
living to total particulate C as derived from P-ATP decreases from 30 to
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70% in surface waters to <10% below the euphotic zone (Holm-Hansen
and Booth, 1966; Holm-Hansen, 1969, 1970b). Knowledge of the sour-
ces, distributions, and dynamics of living versus nonliving organic
matter is vital to our understanding of the oceanic C cycle and to the
functioning of the biological C pump. The present study was motivated
by a quest for this knowledge, and was facilitated by the establishment
of the open ocean time-series Station ALOHA in the North Pacific Sub-
tropical Gyre (NPSG; Karl and Lukas, 1996). Herein we report data on
the depth distributions and temporal dynamics of P-ATP, PC, PN, and
complementary physical and biogeochemical properties that were
collected on approximately monthly intervals over a 30-yr period
(1989-2018) at Station ALOHA. We use P-ATP concentrations to
constrain total microbial biomass distribution throughout the water
column, and document seasonal and interannual changes that result
from changes in the environmental controls on carbon and energy flow.
It was confirmed that living microbial biomass was only a small per-
centage of total PC, ranging from ~30% in surface waters to ~3% in the
abyss. Finally, we present the enigmatic finding that total depth-
integrated microbial biomass (P-ATP) beneath the euphotic zone
(>150 m) exceeds that within the euphotic zone by ~25%, and discuss
the implications of C and energy flow required to support this inverted
biomass pyramid.

2. Materials and methods
2.1. Field sampling strategies

All field sampling was conducted at Station ALOHA (22°45'N,
158°W), an oligotrophic, open ocean site in the eastern portion of the
NPSG (Karl and Lukas, 1996). The main data set presented in this paper
covers the period Jan 1989 to Dec 2018, corresponding to samples
collected during Hawaii Ocean Time-series (HOT) cruises 3-308. We
also report bathypelagic zone (>2000 m depth) P-ATP data collected on
cruises 320-322 (Jul-Sep 2020; see below). Due to inclement weather or
equipment failures, P-ATP samples were not collected on 12 cruises (7,
20, 21, 42, 43, 48, 207, 218, 228, 276, 299, and 308). Furthermore, P-
ATP samples that were collected on 17 additional cruises (47, 50, 54, 59,
60, 64, 69, 79, 83, 86, 90, 115, 122-124, 139, and 174) failed to meet
the quality control criterion established for this analysis (i.e., ATP check
standards were outside of the +2 standard deviation envelope of the
ATP control chart; see ATP assay section). This reduced the number of
cruises in the Station ALOHA P-ATP database to 277 during the 30-yr
observation period. Multiple profiles collected during a given cruise
were treated as independent samples. In order to obtain direct com-
parisons of P-ATP with PC (and PN), we prepared a particulate matter
database using the same 277 HOT cruises.

Because depth profile samples for each variable were collected on
different hydrocasts (but at the same location) that were separated in
time by up to 24 h, the two data sets are not synoptic, so submesoscale
(1-10 km) spatial variations may preclude cast-to-cast comparisons.
Furthermore, due to tidal and inertial oscillations (~31 h period at the
latitude of Station ALOHA), the position of isopycnal surfaces in the
lower portion of the euphotic zone can move vertically by 50 m, or more,
during a single cruise (Karl et al., 2002). Hence, since our samples were
collected at specific depths, rather than specific densities, the accuracy
of direct comparison of variables is degraded relative to samples that
might have been collected from the same cast or the same sample bottle.
This is especially critical in the upper 150 m region of the water column
where variations in the parameter concentrations and density gradients
are the greatest. This source of error is minimized by averaging P-ATP
and PC over a given depth range and in the derivation of climatologies,
as we do herein.

For each P-ATP and PC (and PN) profile (note: PC and PN are
measured from the same filter; see Particulate C and N assay section),
water samples were collected at depths of 5, 25, 45, 75, 100, 125, 150,
200, and 250 m for all 277 cruises. For an initial 12-year period
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(1988-2000, 98 cruises) we also sampled at 175, 500, 750, and 1000 m,
but then terminated these four mesopelagic zone depths and replaced
them with a 350 m sample (duplicate bottles for PC and PN, see below)
from Nov 2000 through Dec 2018 (171 cruises). Additional bathypelagic
zone (>2000 m) P-ATP samples were also collected on cruises 96, 154,
and 320-322 (Aug 1998, Dec 2003, and Jul-Sep 2020, respectively.
Continuous measurements of conductivity, temperature, and depth
(CTD), and dissolved oxygen were averaged over 2-m intervals in post-
cruise data processing. Discrete water samples were also collected for
inorganic and organic nutrients, rates of primary production using the
14C-bicarbonate method, and a variety of other core parameters and
cruise metadata, all of which are publicly available (hahana.soest.hawa
ii.edu/hot/hot-dogs/interface.html).

2.2. ATP assay

ATP was measured using the firefly bioluminescence reaction based
on the peak height method of Karl and Holm-Hansen (1978). Typically,
water samples for ATP analysis were collected in 12 | polyvinylchloride
(PVC) bottles on a dedicated hydrocast, and processed as soon as the
rosette arrived on deck. The volume of seawater processed for each P-
ATP sample ranged from 1 1 for the upper water column (<150 m) to 2 L
at greater depths. The samples were drawn through a PVC tube fitted
with an in-line 202-um Nitex® screen to remove any mesozooplankton
and other large particles. The pre-screened water was collected in a
clean 4 1 polyethylene bottle that was first rinsed three times with
~100-200 ml of the sample. Triplicate subsamples from each depth
were processed by filtration through a 47-mm diameter Whatman glass
fiber filter (GF/F) to assess analytical variability. Since only a single PVC
sample bottle was routinely collected from each depth, we cannot report
field variability. The collected particulate materials were immediately
extracted in 5 ml of boiling Tris[hydroxymethyl]laminomethane (TRIS)
buffer (0.02 M, pH 7.4 at 25 °C) for 5 min to kill the cells, extract
intracellular ATP, and inactivate ATP hydrolytic enzymes. The extracted
samples were stored frozen (—20 °C) until analyzed at our shore-based
laboratory. Lyophilized firefly lantern extract (FLE-250; Sigma-Aldrich
Chemical Co.) was reconstituted with 25 ml of distilled water and
allowed to stand at room temperature for at least 6 h, but no longer than
24 h, to reduce the background light emission. Approximately 1 h prior
to use, this concentrated extract was diluted with 75 ml of sodium
arsenate buffer (0.1 M, pH 7.4) and 75 ml of magnesium sulfate (0.04
M), and filtered through a GF/F filter to remove particulate materials.
The peak height of light emission following the injection of either 0.8 ml
of enzyme mixture into 0.2 ml sample (cruises 3-157) or 0.3 ml of
enzyme mixture into 0.1 ml sample (cruises 158-307; see below) was
recorded, along with the light emission from a series of ATP standards.
The primary ATP standard was prepared from high-purity sodium salt of
ATP (>99% pure; #A2383, Sigma-Aldrich Chemical Co.) at a concen-
tration of 10 mg ATP in 10 ml sterile distilled water. The exact con-
centration of the ATP standard solution was determined by light
absorption at 259 nm using a molar extinction coefficient (¢) of 15.4 x
10° mol ! em L. Newly prepared stock solutions were compared with
previously used stocks and, if the new stock differed by > [1%], the
dilution step was repeated until the agreement was within the accept-
able range. Stock standards of 1 pg ATP ml~! were placed into poly-
ethylene tubes and stored at —20 °C as 1 ml aliquots until needed.
Working standards ranging from 0.1 to 100 ng ATP ml~! were prepared
daily by diluting the stock standard in TRIS buffer (0.02 M, pH 7.4)
immediately prior to use, and were discarded at the end of the day.
During the course of this 30-yr study, we used several commercially
available ATP photometers: SAI ATP photometer model 2000 (Jan 1989
— Apr 1990), Biospherical Instruments model 2000 (May 1990 — Mar
2004), and Turner Biosystems model 2020" (Apr 2004 — Nov 2018). The
coefficient of variation for the triplicate analyses (CV = mean -+ stan-
dard deviation x 100%) ranged from <10% to >50%, with larger errors
typically at greater depths where extracted ATP concentrations were at
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the lower end of the standard curve (<2 ng ml™1). We also reviewed all
triplicate determinations to detect outliers, using the method of Grubbs
(1969) and an a = 0.05 criterion for rejection. Of the 8190 independent
P-ATP determinations in our study, 390 (<5%) were flagged as outliers
and were excluded from subsequent analyses.

2.3. Particulate C and N assay

Samples for PC/PN analyses were collected on a dedicated hydrocast
using the same CTD-PVC bottle rosette system, and from the same target
depths as for P-ATP. For samples collected at 25 and 125 m, the PC and
PN determinations were replicated from the same PVC sample bottle; all
other depths except for 350 m (see below) were single determinations.
For the period Dec 2004 — Dec 2018, the % difference of the replicated
sample determinations was: 25 m PC mean = 10.6%, SD = 14.6%, n =
138; PN mean = 8.2%, SD = 10.1%, n = 138; PC:PN molar ratio mean =
7.3%, SD = 9.5%, n = 138; 125 m PC mean = 11.7%, SD = 12.6%, n =
136; PN = 10.4%, SD = 10.2%, n = 136; and PC:PN molar ratio mean =
8.7%, SD = 8.2%, n = 136. For PC and PN determinations at 350 m, we
processed duplicate PVC bottles from the same hydrocast to evaluate
field replication. Since the 350 m sampling began in Dec 2004, the %
difference between the replicated PVC sample bottle determinations
was: PC mean = 26.1%, SD = 27.2%, n = 137; PN mean = 21.9%, SD =
22.3%, n = 137; and PC:PN molar ratio mean = 14.3%, SD = 13.5%, n =
137.

Water samples for subsequent analysis of particulate matter were
pre-screened (202-um Nitex® mesh) as for P-ATP, then filtered onto pre-
combusted (450 °C, 4.5 h) 25-mm diameter GF/F filters, placed onto
combusted tin foil contained in polystyrene Petri® dishes, and stored
frozen (—20 °C) for shore-based analyses. After drying at 60 °C for 16 h,
each filter and matched foil were rolled together and pressed into a
pellet for elemental analysis. For the initial period (Jan — May 1989),
samples were analyzed using a Hewlett-Packard model 185B CHN
analyzer (Sharp, 1974) but, after cross-comparisons, a Perkin-Elmer
model 2400 CN analyzer was employed for cruises 7-53 (Jun 1989 —
Mar 1994), and a Europa Scientific SL analyzer for cruises 54-165 (Jun
1994 — Nov 2004; Hebel and Karl, 2001). Since Dec 2004, an Exeter
Analytical Elemental Analyzer using a combustion temperature of 1020
°C has been employed. The primary standard for all HOT program
samples, acetanilide (CgHoNO; molecular weight = 135.16; C:N molar
ratio = 8.0), was also analyzed as a check standard in each sample run.
For samples analyzed between 2005 and 2018, the mean C:N ratio of the
check standard was 8.03 (SD = 0.25, n = 222). We also routinely
analyzed an in-house secondary standard prepared from dried, pulver-
ized >202 pm mesozooplankton collected at Station ALOHA. The main
purpose of the secondary standard is to make sure that the sample
combustion and reduction processes are as complete and reproducible
with a complex field-collected sample as they are with the pure chemical
standard. For samples analyzed between 2005 and 2018, the mean C:N
molar ratio of the secondary standard was 4.82 (SD = 0.16, n = 237). All
samples were corrected for combusted GF/F filter blanks. For the period
2005-2018, mean PC and PN blank values were 14.1 ug C(SD=5.1,n=
444) and 1.2 ug N (SD = 0.9, n = 444) per filter. As reported herein, our
high-temperature combustion (1020 °C) PC analysis includes both
organic and inorganic (i.e., calcium carbonate) C compounds. Sus-
pended particulate inorganic C (PIC) is present in very low concentra-
tions in the NPSG (Gordon, 1970, 1971; Karl et al., 2021) and can be
considered negligible. This conclusion is supported by the low bulk PC:
PN molar ratios (range 5.9-7.6) that have been reported throughout the
year for the euphotic zone (0-150 m) at Station ALOHA (Hebel and Karl,
2001).

2.4. Statistical methodology

Depth integrations were calculated using the trapezoidal rule:
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where x corresponds to the parameter being integrated over the depth Z.
When integrating from 5 m to the surface, the upper interval was
considered to be homogeneously mixed. The total variance over the
integration depth was calculated through error propagation as:

Varrom = Z%urf*Var(XSu[[)/nSM,/ +(Z— ZSW,)Z* (Var(xz)/nz
+ Var (XSurf) /sy ) / 22t o+ (Zpnat1 — Zspinat )2 * (Var (-xzﬁrml—l ) / Nfinal—1
+ Var (Xﬁm) [ Nfinal ) / 22
(2)

where Z corresponds to depth, Var is the sample variance, and n cor-
responds to the sample size. The number of significant figures reported
reflects the uncertainty of each value based on the sampling replication
and the sensitivity of the measurement.

Seasonal climatologies were estimated using two approaches: one
method calculated monthly means and variance from the 30-year re-
cord. Alternatively, mean seasonal cycles were derived from the com-
plete 1989-2018 time series by fitting a fundamental frequency, equi-
valent to the annual cycle plus a first harmonic, to a generalized linear
model of the full time-series (Keeling et al., 2004).

Reported annual values are derived as the mean and standard devi-
ation of values collected during the corresponding calendar year. Sea-
sons are defined as: winter (Dec-Feb), spring (Mar-May), summer (Jun-
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Aug), and fall (Sep-Nov).
3. Results
3.1. Depth profiles and inventories of P-ATP, PC, and PN

The 30-yr mean P-ATP concentrations at Station ALOHA ranged from
27 to 34 ng 17! in the upper 0-100 m portion of the water column to
0.9-3.5 ng 1”1 in the mesopelagic zone (250-1000 m; Fig. 1a and
Table 1). While mean P-ATP concentrations were nearly identical at 5 m
and 100 m, there was a distinct, consistent subsurface peak in the mean
P-ATP at 45 m (Fig. 1a and Table 1). The 0-100 m depth-integrated P-
ATP inventory was 3.1 mg m~2, which is equivalent to a microbial
biomass of 775 mg C m_z, assuming a C:ATP ratio of 250:1 (Table 2).

Below 100 m, P-ATP concentrations decreased through the lower
portion of the euphotic zone and upper portion of the mesopelagic zone
to a mean value of 3.5 ng ATP 17! at 250 m, followed by a more gradual
decrease to a mean value of 0.9 ng ATP 1™! at 1000 m (Fig. 1a and
Table 1). The mean P-ATP concentration measured at 500 m (1.9 ng )
was slightly higher than that measured at 350 m (1.6 ng 17%; Table 1).
The mean P-ATP inventories for the 100-250 m and 250-1000 m regions
were 1.7 and 1.4 mg m™2, respectively, equivalent to microbial bio-
masses of 425 and 350 mg C m~>, assuming a G:ATP ratio of 250:1
(Table 2). Water samples from the bathypelagic zone revealed very low
P-ATP concentrations (<0.7 ng 1! ; Table 2), similar to previous reports
from Station Gollum located at 22°10’N, 158°W (47 km due north of
Oahu, in waters 4760 m deep; data from O. Holm-Hansen reported in
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P-ATP (ng I'") PC (ug 1)
0 T i o T T T T — F T
. —_——
a : b y
100 [ —’— 1 r — b
200 & 4 r g .
- — .
s00f | 4 F ] .
% living C:N (mol:mol)
A d 0 T * — 0 T T
' *e, : $
400 100 «® 1T : 100} e 1 7
. * e : ]
c : 200 B . : 200 : 8
~— 500 . 4+ —e . i
c . 300 : . ; 300 . .
o e °
o : 400 f : . 400} i
O oo : 1 F : .
| 500 . 1 500 F Py J
| 600 : . 600 ! ]
700 : 4 F , -
Py 700 ’ . e 700 : 8
: . : *
800 - 800 i . 4 + 800 : 14
900 F . 900 8
%001 T00r @ 1 17 1000 f . {1 A
0 10 20 30 40 0 5 10 15
1000 (® 4 F - -
| | | | | | | | | | |
0 10 20 30 40 50 0 5 10 15 20 25 30 35

Fig. 1. Vertical profiles of (a) particulate ATP (P-ATP, ng 1) and (b) particulate carbon (PC, ug 171) for the upper 0-1000 m of the water column at Station ALOHA.
Data shown are the 30-yr mean values +1 standard deviation (SD) for each reference depth, along with the 95% confidence intervals (CI) in light red shading. The SD
values for the 750 and 1000 m P-ATP concentrations are smaller than the size of the symbols (see Table 1 for data). Also shown as insets are: (a inset) the 30-yr mean
percent living C, calculated as P-ATP x 250 (in pg 17!) divided by PC (ug 17') times 100%, and (b inset) is the 30-yr mean PC to particulate N (PN) molar ratio.
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Table 1
Particulate ATP (P-ATP) concentrations measured in the upper 0-1000 m of the
water column at Station ALOHA during the period 1989-2018.

Depth P-ATP (ng17})
(m) Mean SD 95% CI n
5 27.4 8.1 26.5-28.4 278
25 31.0 8.9 30.0-32.1 279
45 33.9 9.7 32.7-35.0 279
75 31.8 8.7 30.8-32.8 287
100 27.1 8.1 26.1-28.1 290
125 19.2 8.0 18.3-20.1 295
150 11.5 5.3 10.8-12.1 280
175 9.4 4.2 8.6-10.2 102
250 3.5 1.5 3.4-3.7 276
350 1.6 1.0 1.5-1.8 171
500 1.9 0.8 1.8-2.1 98
750 1.1 0.6 1.0-1.3 99
1000 0.9 0.5 0.8-0.9 101
Table 2

Water column particulate matter concentrations and inventories of P-ATP, PC,
and biomass-C at Station ALOHA.

Depth Range P-ATP® pC’ Biomass-C* %
(m) (mgl™ (mg m?) (gm? (mg m?) Living
0-100 31.0 3.1 2.6 775 29.8
100-250 11.3 1.7 1.7 425 25.0
250-1000 1.9 1.4 3.4 350 10.3
1000-2000 0.7 0.7 2.6 175 6.7
2000-3000 0.4 0.4 2.6 100 3.9
3000-4800 0.3 0.6 4.8 150 3.1

a

mean concentrations and total inventories within specified depth range.
b Jower mesopelagic/bathypelagic (>1000 m) PC data from Gordon (1971).
¢ biomass-C inventory in specified depth range assuming a biomass-C:ATP
ratio of 250:1 (see text for details).

Gordon, 1970). Even though the P-ATP concentrations are low, the deep
water column (>1000 m) inventory of 1.7 mg P-ATP m~2 equivalent to
a microbial biomass of 425 mg C m’z, is substantial (Table 2).

The 30-yr mean vertical profile of PC concentrations mostly con-
forms to P-ATP with maximum concentrations in the upper 0-100 m, a
steep decreasing concentration gradient in the lower euphotic zone to
upper mesopelagic zone transition (100-250 m), and a less steep
decreasing concentration gradient from 250 to 1000 m (Fig. 1b and
Table 3). Two important distinctions between the independent profiles
were the lack of peaks in PC at 45 m and 500 m, as seen for the 30-yr
mean P-ATP profile, and the smaller range of concentrations in the
upper 0-1000 m of the water column (an 8-fold range from 3.4 to 27.2
pg 17! for PC versus a 38-fold range from 0.9 to 33.9 ng 17! for P-ATP;
Table 1). The 0-100 m, 100-250 m, and 250-1000 m PC inventories of

Table 3
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2.6, 1.7, and 3.4 g C m 2, respectively, represent a decreasing per-
centage of living C with increasing depth from ~30% in near-surface
waters to <10% in the lower mesopelagic zone (Fig. la inset and
Table 1). The less well resolved (in time) deep water observations
(>1000 m) indicate a continually decreasing percentage of living C to
values ~3-4% at depths >2000 m (Table 2).

The vertical profile of PN conforms to that of PC, except for a slightly
more rapid decrease of N, relative to C, below ~350 m (Table 3).
Consequently, the molar PC:PN ratios are nearly constant in the 0-350 m
portion of the water column (6.2-7.1), increasing to a mean value >10
at 1000 m (Fig. 1b inset and Table 3), and to even higher values in the
bathypelagic zone (Gordon, 1971).

3.2. Seasonal and interannual variations in P-ATP, PC, and PN

During the 30-yr observation period, P-ATP concentrations in the
upper 0-100 m of the water column varied on seasonal and interannual
time scales, but without discernible long-term trends (Fig. 2 and Tables 4
and S-1). For example, P-ATP concentrations exhibited predictable
seasonality with higher than annual mean values in spring (Mar-Apr)
and summer (Jul-Sep) compared to other seasons, especially at 45 m and
below (Fig. 2 and Table 4). The summertime mean P-ATP concentrations
were 7%, 15%, 32%, 25%, and 26% higher than the wintertime minima
at 5, 25, 45, 75, and 100 m, respectively (Fig. 2 and Table S-1). The peak
0-100 m depth-integrated P-ATP inventory in Aug was ~0.7 mg m™ 2
greater than the Feb minimum, representing a seasonal change of
~30-35% in biomass-C (Fig. 3a-c). Superimposed on this predictable
seasonal climatology were interannual variations in the upper euphotic
zone (0-100 m) P-ATP inventories of even greater magnitude than the
mean seasonal fluctuations (Fig. 4a-c). For example, 1994 and 2000
stand out as years when the upper water column inventory of P-ATP was
significantly higher than the 30-yr average (Fig. 4a-c). The elevated P-
ATP inventories during 1994 were ~150% of the 30-yr mean.

In the lower portion of the euphotic zone (125-150 m), the seasonal
peak in P-ATP concentration shifted to spring (Mar-May), with minima
in fall (Sep-Nov) and winter (Dec-Feb) seasons (Table S-1). Below the
euphotic zone (>175 m), there was no consistent seasonal pattern in P-
ATP concentrations (Table S-1). Depth-integrated P-ATP inventories
inthe transition region from the lower euphotic zone to upper mesope-
lagic zone (100-250 m) displayed stochastic variability with no pre-
dictable seasonality (Fig. 5 and Table S-1). Below 250 m, the P-ATP was
more variable, probably due to lower concentrations (Table S-1).

PC concentrations in the upper euphotic zone (0-100 m) displayed
seasonal patterns with maxima in summer (Fig. 3d-f and 6, and Table S-
1). A similar trend was observed for PN (data not shown). The seasonal
variations (minimum to maximum seasonal values) in PC ranged from
12 to 27% depending on depth. In the lower portion of the euphotic zone
(100-175 m), the peak PC concentrations shifted to the spring (Table S-

Particulate carbon (PC) and nitrogen (PN) concentrations and PC:PN molar ratios measured in the upper 0-1000 m of the water column at Station ALOHA during the

period 1989-2018.

Depth PC (pg1™) PN (ug1™%) PC:PN (mol mol ™)

(m) Mean SD n Mean SD n Mean SD n

5 26.5 5.8 289 4.5 1.0 287 7.0 1.2 287
25 27.1 5.9 303 4.5 0.8 301 7.1 1.2 300
45 27.2 5.4 289 4.6 0.9 284 7.0 1.2 284
75 24.8 4.5 298 4.4 0.8 296 6.7 1.0 295
100 21.5 4.5 318 4.1 0.9 315 6.3 1.1 315
125 16.7 4.2 307 3.2 0.9 306 6.2 1.5 305
150 11.8 4.3 300 2.2 0.7 298 6.4 1.3 298
175 8.7 2.3 282 1.6 0.4 282 6.4 1.1 281
250 6.4 2.5 273 1.1 0.4 271 6.8 1.8 270
350 5.5 2.2 340 0.9 0.3 338 7.0 1.3 338
500 4.6 1.5 78 0.7 0.3 77 9.0 4.5 77
750 4.1 1.7 83 0.6 0.3 84 9.5 5.4 83
1000 3.4 1.3 76 0.5 0.2 77 10.8 10.3 76
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Fig. 2. (a-e) Time-series (1989-2018) of particulate ATP (P-ATP, ng 1™1) at five reference depths in the upper euphotic zone (0-100 m) at Station ALOHA. Shown in
blue symbols are the values for each of the 278-290 sampling dates, along with the mean (solid red line) + 1 standard deviation (dashed red lines) values (see Table 1
for data). (f-j) Monthly climatologies for P-ATP (ng 1~!) for each reference depth presented as mean and +1 standard deviation based on the 30-yr time series.

Table 4

Contributions to the observed time-series (1989-2018) variance by the clima-
tological seasonal cycle, interannual variability, and long-term linear trend. The
subseasonal contribution is estimated as the residual variance once the seasonal,
interannual, and long-term components have been subtracted from the total
variance.

Depth % variability

Parameter (m) Seasonal Interannual Long-term Sub-
Trend seasonal
P-ATP 5 1.4 26.0 0.7 72.0
25 4.9 23.0 1.3 70.8
45 11.1 19.9 0.2 68.8
75 9.9 21.6 0.1 68.5
100 9.5 21.7 0.6 68.2
125 16.8 17.8 2.6 62.8
150 13.7 18.4 2.6 65.3
250 2.9 36.7 17.8 42.6
PC 5 23.9 10.9 1.7 63.4
25 22.3 11.0 0.2 66.5
45 28.4 13.9 3.9 53.7
75 23.7 19.7 4.4 52.3
100 7.9 18.8 0.7 72.6
125 24.1 11.9 0.3 63.7
150 19.1 12.8 2.8 65.2
250 8.7 16.9 2.3 72.1

1), a pattern that is identical to the pattern observed for P-ATP. At
depths >175 m, no consistent seasonal patterns were observed for PC
concentrations (Table S-1). There was no seasonality for the PC:PN
molar ratios at any depth (data not shown). The 0-100 m depth-
integrated inventories for PC increased in late summer and remained
high through Oct, compared to the much shorter, summer-only peak in
P-ATP (Fig. 3e,f). Furthermore, PC was elevated throughout the upper
0-75 m of the water column, compared to the peak P-ATP concentration
centered at 45 m (Fig. 3 and Table S-1). The 0-100 m depth-integrated
PC displayed substantial interannual variability with 2010 and 2016
standing out as higher than average years and 1990, 1994, and 1996
representing lower than average years (Fig. 7). These years of anoma-
lously high and low PC inventories in the upper euphotic zone (0-100
m), relative to the 30-yr mean, do not align with the interannual patterns
for P-ATP (compare Fig. 4c and 7c), suggesting control by independent
mechanisms. Consequently, the biomass-C (P-ATP x 250):PC ratios
displayed stochastic variability on both seasonal and interannual time
scales (Fig. 8). Finally, the cumulative percentage plots for biomass-C
and total PC display distinct patterns with a much higher percentage
of biomass-C in the upper region of the water column (Fig. 1a inset and
Fig. 9).

4. Discussion

It is difficult to overstate the ecological significance of the ATP-
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biomass method when it was introduced in 1966, and its continuing
relevance today (Henderikx-Freitas et al., 2021; Bochdansky et al.,
2021). In 1966, there was no reliable procedure to measure total living
carbon in aquatic ecosystems. The best approach at that time was the
Utermohl method that involved the settling of organisms by gravity,
followed by inverted microscopic enumeration and biovolume estima-
tion (Utermohl, 1931; Lund et al., 1958). A biovolume-to-cell C con-
version factor was then applied to estimate total biomass. This method
was limited to microorganisms larger than ~2 um, including eukaryotic
algae, heterotrophic protists, and micrometazoans (Beers et al., 1975).
In 1966, the enumeration of bacteria relied on either microscopic or
culture techniques, but quantitative comparisons of the two methods
revealed large disparities of several orders of magnitude (Jannasch and
Jones, 1959, recently reviewed by Williams and Ducklow, 2019). Even
after dye-based epifluorescence microscopic methods were accepted as
the most accurate approach, questions remained about the distinction
between live versus dead cells, and the propagation of errors in con-
verting cell numbers to biovolume to biomass-C, over some specified
depth interval (Newell et al., 1986). Because microbes generally repre-
sent the largest pool of living organic matter in the sea, microbial
biomass estimation is important for food web modeling and related
ecological studies. However, accurate estimation of total microbial
biomass is challenging because microbes in the sea vary considerably in
size from ~0.2 um to 200 um and because their size overlaps with
particulate organic detrital materials (Sieburth et al., 1978). The ATP-
biomass assay offered a relatively objective and sensitive cross-
phylogenetic domain method that could be universally applied to all
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trophic classes for estimates of total microbial biomass. Furthermore,
when used in conjunction with membrane filter size separation, the ATP-
biomass method could obtain size spectra of microbial biomass in a
given habitat. Even today, more than half a century after Holm-Hansen
and Booth’s (1966) benchmark paper, it represents one of the most
reliable methods for total microbial biomass determination.

To our knowledge, these observations from Station ALOHA (also see
Winn et al., 1995; Bjorkman and Karl, 2005 for additional Station
ALOHA data summaries) are the first multi-year study of P-ATP in the
sea, with the possible exception of the Food Chain Research Group’s 6
cruise, 18-month time series in the Southern California Bight (Eppley
et al., 1977). P-ATP has been measured in several previous studies of the
NPSG, including a single profile at Station Gollum in Jun 1970 (Holm-
Hansen and Paerl, 1972), as well as measurements in the euphotic zone
on several expeditions within the Climax study region (26-28°N, 155°W;
Eppley et al., 1973; Beers et al., 1975; Perry and Eppley, 1981; Jones
etal., 1996; Bjorkman et al., 2000) and a single deep water profile in Jun
1977 (Williams et al., 1980). However, there is no information on
temporal variability of P-ATP for any region of the world oceans, or on
the dynamics of the depth-dependent relationships between living
versus nonliving particulate organic matter. A previous analysis of the
Station ALOHA time series (1989-1993) reported weak P-ATP season-
ality in the lower portion of the euphotic zone (100-175 m) with peak
concentrations in mid-Apr (Winn et al., 1995). Because the peak in the
lower euphotic zone corresponded to a springtime increase in Chl a and
primary production, the authors concluded that the seasonal increase in
irradiance led to the net growth of phytoplankton (Winn et al., 1995).
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Fig. 3. (a, d) Contour plots of the monthly climatologies of particulate ATP (P-ATP, ng 1™1) and particulate carbon (PC, ug 17) concentrations at Station ALOHA.
Contour intervals are 5 ng ATP 17! and 5 pg PC 171, respectively. Also shown (b, e) are the monthly climatologies for the 0-100 m depth-integrated inventories of P-

ATP (mg m~2) and PC (g m~2) as mean +1 standard deviation, and (c, f) the signed difference for each parameter and each month (ug m~2and mgm~

from the 30-yr mean values.
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Fig. 4. (a) Time-series (1989-2018) contour plot of particulate ATP (P-ATP, ng 171 in the upper (0-100 m) portion of the euphotic zone at Station ALOHA. Contour
interval is 5 ng P-ATP 1. (b) Time-series of 0-100 m depth-integrated particulate ATP (P-ATP, mg m~2) showing values for each of the 277 sampling dates as well as
the 30-yr mean (solid red line) and +1 standard deviation (dashed red lines) values (see text for data). The standard deviation for each cruise integral is within the
size of the symbol. (c) Annually averaged 0-100 m depth-integrated P-ATP inventories (mg m~2) showing the mean + standard deviation for each year. The

horizontal red line is the 30-yr mean value of 3.1 mg ATP m~2.,

Letelier et al. (2004) subsequently documented the inextricable linkages
among light, nutrients, and phytoplankton biomass in the lower
euphotic zone at Station ALOHA. The more comprehensive P-ATP time
series presented herein confirms these seasonal dynamics of P-ATP in
the lower portion of the euphotic zone.

The seasonality of P-ATP and PC with depth derived from the present

30-year record reveals distinct temporal patterns (Fig. 10). Whereas the
seasonal amplitude of P-ATP in surface waters (5 and 25 m) is relatively
modest (10-20%) with increases in late summer to early fall (Figs. 3 and
10a), the concentrations of P-ATP in the lower portion of the euphotic
zone (125 and 150 m) display peak amplitudes in spring that are ~70%
greater than the seasonal minima at those depths. This near doubling of
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Fig. 5. (a) Time-series (1989-2018) contour plot of particulate ATP (P-ATP, ng 1-!) concentrations for the lower portion of the euphotic zone and upper portion of
the mesopelagic zone (100-250 m) at Station ALOHA. Contour interval is 5 ng P-ATP 171, (b) Time-series (1989-2018) of the 100-250 m depth-integrated P-ATP
inventories (mg P-ATP m?) showing the mean (1.68 mg P-ATP 1’1, solid red line) and +1 standard deviation (SD = 0.57 mg P-ATP 1’1, dashed red lines) for the 30-
yr observation period (n = 277). (c¢) Annually averaged 100-250 m depth-integrated P-ATP inventories (mg m~2) showing the mean =+ 1 SD for each year. The
horizontal red line is the 30-yr mean value of 1.68 mg P-ATP 17!. (d) Contour plot of the monthly climatologies for P-ATP (ng 17!) for the 100-250 m portion of the
water column. Contour interval is 5 ng P-ATP 1%, (e) Monthly mean +1 SD values for the 100-250 m depth-integrated P-ATP inventories (mg m~2). (f) Signed

differences from the 0-100 m depth-integrated P-ATP inventory (ug P-ATP m~2) for each month from the annual mean inventory value of 1.68 mg P-ATP m 2.

the microbial biomass at those lower euphotic zone depths is consistent
with a spring bloom of phytoplankton sustained by the wintertime
buildup of nutrients due to light limitation (Letelier et al., 2004). The
peak P-ATP concentrations (>60% seasonal increase) are relatively
short-lived (<3 months), presumably due to the assimilation of accu-
mulated nutrients. In contrast to these seasonal patterns in P-ATP, sus-
pended PC at both 25 m and 125 m accumulates from seasonal minima
in winter to peak values in summer (125 m) and fall (25 m). At both
reference depths, there is a large seasonal accumulation of nonliving PC
(difference between PC and P-ATP x 250; Figs. 3 and 10b,c). For
example, the seasonal PC accumulation in surface waters (25 m) is 4.5
times as large as that derived from P-ATP, assuming a C:ATP ratio of
250, and 2.5 times at 125 m (Fig. 10b,c). These dynamics of biomass-C
and detrital C document a seasonal build-up of nonliving PC throughout
most of the year, consistent with shorter residence times for P-ATP than
PC at Station ALOHA. However, each winter the system resets to mini-
mum values for each parameter, as a result of net loss of biomass, and
remineralization and export of nonliving particulate organic matter.
Indeed, Hebel and Karl (2001) have previously reported seasonal
changes in the C-N-P elemental composition of suspended particulate
matter, specifically significant changes in the bulk elemental composi-
tion and a return to a near Redfield stoichiometry of the particulate
matter pool each winter.

Karl et al. (2021) recently reported a long-term increasing trend in

2

14C-based primary production at Station ALOHA for the period
1989-2018. The 0-125 m depth-integrated trend of 4.0 mg C m~2 yr~!
had the largest relative increase (37%) in the lower portion (75-125 m)
of the euphotic zone (Karl et al., 2021). They also reported significant,
but lower, relative increases in PC (17%), PN (8%), and Chl a (8%) in the
lower portion of the euphotic zone since 1989. We evaluated the 30-yr
time series for P-ATP at 75, 100, and 125 m, as well as the 75-125 m
depth-integrated P-ATP inventory and observed only at 125 m a sig-
nificant long-term decreasing trend in P-ATP (-0.15 ng 1! yr™!, 95%
confidence interval = 4+0.11).

The mean vertical profile of P-ATP at Station ALOHA displays a
range of 50-fold from values of ~34 ng 1! at 45 m to <0.7 ng 17! in the
bathypelagic zone (Fig. 1a and Table 2). Assuming a constant microbial
C:ATP ratio of 250:1 (Holm-Hansen, 1973; Karl, 1980), the distribution
of total living C ranges from a maximum of 8.3 pg 17! in the upper
euphotic zone to ~0.1-0.2 pg 1! at great ocean depths. These estimates
of living C represent a decreasing proportion of the total PC. The
dominance of nonliving particulate organic detritus throughout the
water column in all seasons is confirmed by the 30-yr time-series of P-
ATP and PC at Station ALOHA reported herein.

Based on the mean P-ATP profile, we have divided the water column
into four distinct regions: upper euphotic zone (0-100 m), lower
euphotic-to-upper mesopelagic zone transition (100-500 m), mesope-
lagic zone (500-1000 m), and bathypelagic zone (>1000 m). Unique
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Fig. 6. (a-e) Time-series (1989-2018) and (fj) monthly climatologies presented exactly as in Fig. 2, except as particulate C (PC, pg 17!) concentrations.

features of each region are presented below.

4.1. Microbial biomass depth distributions and organism attributions:
upper euphotic zone

As expected, the upper portion of the euphotic zone had the highest P-
ATP concentrations. There are several notable features in the 30-yr time
series including: (1) a significant seasonal variability with peak P-ATP
observed in summer, (2) near uniform P-ATP concentrations with depth,
but with a distinct, permanent peak at 45 m, and (3) a significant inter-
annual variability with annual mean values for 1994 and 2000 standing
out as years with higher than average P-ATP inventories (~43% and 20%
higher, respectively), and 1992 and 2003 standing out as years with lower
than average P-ATP inventories (both ~15% lower; Fig. 4).

The mean P-ATP inventory for the upper 0-100 m region of the water
column was 3.1 (SD = 0.7 mg m’Z, n = 277), which equates to a total
microbial biomass of 775 mg C m 2 or an average of 7.8 pg C17 for the
upper euphotic zone. We expect that photoautotrophs, including both
picocyanobacteria and eukaryotic algae, would comprise a substantial
fraction of biomass-C in the upper euphotic zone, so it is imperative to
have an accurate C:ATP ratio for representative marine phytoplankton.
While numerous laboratory studies have examined the C:ATP ratio in
marine algae growing under a variety of physiological conditions
(Holm-Hansen, 1973; Sakshaug and Holm-Hansen, 1977; Laws et al.,
1983), there are limited field data from natural phytoplankton assem-
blages. Eppley et al. (1971) performed a series of nutrient enrichment
growth experiments off southern California to constrain phytoplankton
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community composition, including PC, PN, Chl a, and P-ATP. By
tracking increases in the composition of total particulate matter over a
period of several days following fixed nitrogen amendments (nitrate,
ammonium, or urea), they were able to estimate the average elemental
stoichiometry and C:ATP ratios of newly synthesized phytoplankton
biomass. For the six separate shipboard experiments that were con-
ducted, the mean C:ATP was 265 (range 230-290), a value that is similar
to that of nutrient-replete growth of unialgal cultures in the laboratory
(e.g., Laws et al., 1983). A recent, yet unpublished, study of Pro-
chlorococcus (strain MED4), the most abundant photoautotroph at Sta-
tion ALOHA, has also confirmed a similar C:ATP ratio under nutrient-
replete conditions (D. Lindell, K. Bjorkman, and others, unpublished
data). Consequently, the use of a C:ATP ratio of 250 for the upper
euphotic zone at Station ALOHA is justified, and the 7.8 ug C17! average
biomass-C probably sets an upper limit for the total phytoplankton
assemblage.

Jones et al. (1996) used the 14C-incorporation into Chl a method
(Laws, 1984) to estimate phytoplankton-C in the euphotic zone in the
Climax region. Their derived phytoplankton C:Chl a ratio (g g~1) was
156 for the upper 0-80 m of the water column, and was similar to the
value of 128 + 10 g g~ reported by Campbell et al. (1994), but higher
than the value of ~100 (range 90-112) measured by Eppley et al. (1971)
in their shipboard culture experiments. Jones et al. (1996) reported an
average biomass of 8.2 & 0.75 pg C 17! for upper (0-100 m) euphotic
zone phytoplankton, compared to PC concentrations ranging from 30 to
42 pg C 171, higher than the mean PC value of ~27 pg C 17! for Station
ALOHA. Based on their analysis, phytoplankton-C accounted for
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Fig. 7. (a) Time-series (1989-2018) contour plot of PC (ug 1), (b) 0-100 m depth-integrated inventories, and (c) annually averaged 0-100 m depth-integrated mean
value (2.6 mg m~2) presented exactly as in Fig. 4, except as particulate carbon (PC, g m~2). Contour interval in (a) is 5 pg PC 171,

~20-27% of the total PC (Jones et al., 1996).

Several previous studies in the NPSG have estimated total microbial
biomass using a variety of microscopic methods, flow cytometry, and
extrapolation of cell abundances and biovolume estimates to biomass-C
(Table S-2). The accuracy of these methods depends on the value, or
values, used for the biovolume-to-biomass conversion, much in the same
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way as the extrapolation of P-ATP concentrations depends on the ac-
curacy of the C:ATP ratio. A broad range of published (and therefore
“acceptable”) values have been used for this purpose (Strathmann,
1967; Verity et al., 1992; Christian and Karl, 1994; Menden-Deuer and
Lessard, 2000; Worden et al., 2004; Casey et al., 2013). For example,
literature estimates of the per cell C quota for Prochlorococcus range from
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Fig. 8. (a-e) Time-series (1989-2018) and (f-j) monthly climatologies presented exactly as in Fig. 2, except as Biomass-carbon (C) shown as a percentage of total

particulate carbon (PC).

<10 fg C cell ™! to >150 fg C cell ™! (Casey et al., 2013). Some of this
variability is probably real based on expected changes in cell size due to
growth rate, timing of the cell cycle, nutrition, and other culture vari-
ables. For the most accurate per cell C quota estimates, it is imperative to
determine cell biovolume (rather than abundance), since the C content
per unit biovolume (i.e., the C density) decreases significantly with
increasing cell volume (Menden-Deuer and Lessard, 2000; Segura-
Noguera et al., 2016).

In a comprehensive study of the Climax region (expedition
TASADAY-L, Jun 1973), Beers et al. (1975) measured microplankton
(2-200 um) by the Utermohl method, P-ATP, and PC concentrations at 6
stations covering an approximately 32 km x 32 km grid to assess small
scale spatial variability (although the sampling was not synoptic). To
estimate microplankton cell volume, they measured two dimensions and
estimated the third using shape analysis, then applied the biovolume-to-
biomass relationship of Strathmann (1967) to derive total cell C. By this
analysis, microplankton biomass-C in the upper 0-80 m of the water
column was reported to be ~8 pg C 171, equivalent to 32% and 30% of
the total PC for depth intervals of 0-20 m and 40-80 m, respectively
(Beers et al., 1975; Table S-2, row #1). They concluded that the domi-
nant fraction of the total PC was either detritus or living microorganisms
less than their lower detection of 2 ym, though they suspected the former
(Beers et al., 1975). By comparison, their P-ATP based estimate of mean
biomass-C in the upper 0-100 m of the water column was 19.8 ug C 17}
(Table S-2, row #2). This estimate was 70-85% of the total PC, a value 2-
fold greater than we observe at Station ALOHA for the upper portion of
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the euphotic zone (Table 2). For the 6 stations that were sampled (Beers
etal., 1975), P-ATP in the 0-100 m region of the water column averaged
79 ng 17! (range 61-97 ng 1Y), values that greatly exceed our 30-yr
mean observations at Station ALOHA (Figs. 1, 3, and 4), or any previ-
ous measurements in the Climax region (Eppley et al., 1973; Perry and
Eppley, 1981; Jones et al., 1996; Bjorkman et al., 2000), for reasons that
are not known. During the 30-yr observation period at Station ALOHA,
we recorded only 8 individual P-ATP measurements out of a total of
1376 (0.6%) that exceeded 60 ng 17! and none exceeded 75 ng 171,
Despite these anomalously elevated P-ATP concentrations in the
euphotic zone, the vertical distribution pattern reported by Beers et al.
(1975) indicating comparable near-surface (5 m) and 100 m concen-
trations (61 ng 17! and 67 ng 17}, respectively) and a mid-euphotic zone
P-ATP peak (95 ng 17! at 40 m and 97 ng 1! at 60 m), are similar to the
patterns that we report for Station ALOHA. In contrast to these
“elevated” P-ATP concentrations (relative to all previous NPSG obser-
vations), Beers et al. (1975) reported PC concentrations for the upper
0-100 m of the water column (22-26 pg C l’l) that conform to those
measured at Station Gollum (Gordon, 1971) and Station ALOHA (Hebel
and Karl, 2001; Fig. 1b and Table 3), which makes their anomalously
high P-ATP values that much more enigmatic. They also reported Chl a
values of 0.04-0.05 pg 17! in the upper euphotic zone, and surface light
transmission of 0.6% at 115 m (Beers et al., 1975), both of which are
similar to summertime conditions at Station ALOHA (Letelier et al.,
1996, 2004), with no evidence for the presence of a surface phyto-
plankton bloom that sometimes occurs in the NPSG in summer (Dore



D.M. Karl et al.

Progress in Oceanography 205 (2022) 102803

Biomass-C

Cumulative Percentage

10

PC 7

0 : L 1 i !
0 500 1000 1500 2000

2500
Depth (m)

3000 3500 4000 4500 5000

Fig. 9. Cumulative percentage plots of (a) Biomass-Carbon (Biomass-C calculated as P-ATP x 250) and (b) particulate carbon (PC) inventories for the full water
column (0-4800 m) at Station ALOHA. The horizontal bars indicate the depth range over which each parameter was integrated. The 100% inventory values are 2.0 g

m~? for Biomass-C and 17.7 g m~? for PC.

et al., 2008). As a technical matter, the elevated P-ATP concentrations
reported by Beers et al. (1975) might be the result of their use of inte-
grated light emission in the ATP firefly bioluminescence reaction, which
also detects other nucleotide triphosphates (e.g., guanosine triphos-
phate, GTP) in addition to ATP, rather than peak height of light emission
that has been used by others (Jones et al., 1996; Bjorkman et al., 2000;
this study). Karl (1978) demonstrated that use of integrated light
emission can overestimate P-ATP by >100% in surface ocean waters,
and Bjorkman and Karl (2005) have reported elevated near-surface
(0-100 m) P-GTP:P-ATP ratios in early summer at Station ALOHA, so
the P-ATP values reported by Beers et al. (1975) may have been sys-
tematically overestimated. Ironically, in a subsequent study of the
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Climax region using the peak height method for P-ATP analysis, Wil-
liams et al. (1980) reported upper euphotic zone P-ATP concentrations
that were significantly lower (~3.5-6 ng 1!) than we report herein for
Station ALOHA, although the total adenylate (ATP + ADP + AMP)
concentrations were much higher (20-50 ng 1°1), indicating a probable
conversion from ATP to ADP and AMP due to stresses imposed on
sampling or sample processing (so-called “filtration artifact”; see Karl
and Holm-Hansen, 1978).

A follow-on study by Beers et al. (1982) also reported
microscopically-derived microplankton biomass-C from 19 stations
during 4 additional cruises to the Climax region conducted in all seasons
(Table S-2, row #3), but presented no additional P-ATP data.
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Fig. 10. Seasonal increases in total PC and P-ATP from third-order harmonic
fits (lines) and monthly means +1 standard error (circles) derived from the
1989-2018 time-series; (a) Seasonal percentage increase of P-ATP relative to
seasonal minima in the upper (5 and 25 m) and lower (125 and 150 m) euphotic
zone; (b and ¢) Seasonal accumulation of total PC (black) and biomass-C (ATP
x 250; grey) observed at 25 and 125 m, respectively.

Microplankton biomass-C in the upper 0-80 m portion of the water
column varied from ~7 pg C 17! in late winter to ~10 pg C 17! in late
summer (Table S-2, row #3), and was always dominated by small (<5
um) size classes. “Monads and flagellates” and non-thecate di-
noflagellates were the dominant taxonomic groups representing
34-49% and 26-31% of the total microplankton biomass, respectively
(Beers et al., 1982). Coccolithophorids (~5%), thecate dinoflagellates
(~5%), and diatoms (1-3%) were relatively minor constituents.

Bjorkman et al. (2000) also reported microbial biomass estimates
from surface waters (only) of the Climax region in summers of 1996 and
1997. They reported P-ATP (peak height of light emission)-based total
microbial biomass-C values of 8.7-9.1 pg C 171, and flow cytometric-
based estimates of 13.8 (1996) and 12.5 (1997) pg C 1’1, assuming C
cell quotas of 10 fg, 30 fg, 100 fg, and 495 fg C cell ! for non-pigmented
prokaryotes, Prochlorococcus, Synechococcus, and picoeukaryotes,
respectively (Bjorkman et al., 2000; Table S-2, rows #4 and #5).

Laws et al. (1984) reported the initial results of the Plankton Rate
Processes in Oligotrophic Oceans project (PRPOOS; Eppley, 1982)
wherein a variety of methods were employed to constrain microbial
biomass and growth rate. At two coastal stations off Oahu, Hawaii, the
estimated biomass-C for the sum of picoplankton (0.2-2 um; bacteria
plus cyanobacteria) plus nanoplankton (2-20 pm), both determined
using microscopic techniques and a common biovolume-to-biomass C
conversion of 0.15 g C ml™!, were nearly identical to those derived from
contemporaneous P-ATP measurements assuming a C:ATP ratio of 250:1
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(Laws et al., 1984). At their most offshore station (Sta. F, 21°22'N,
158°53'W), the microscopically derived phytoplankton and heterotro-
phic nanoplankton biomass-C estimates of 5.8 and 5.5 pg C 17},
respectively (Table S-2, row #6), compared favorably with the P-ATP
derived total microbial biomass (which would also include heterotro-
phic bacteria) of 13.8 (SD = 3.0) pg C 171. Based on the reported PC for
Sta. F, 34.3 pg C 17%, the majority of the PC pool (~60%) was detritus,
consistent with the results reported herein for the more oligotrophic
Station ALOHA (surface PC = 23-28 ug C 171; Hebel and Karl, 2001;
Fig. 1b and Table 3).

One of the more comprehensive studies of microbial biomass in the
sea was the project WEST-COSMIC (Western Pacific CO; Ocean
Sequestration for Mitigation of Climate Change) conducted during
1997-2001. Samples for microbial biomass were collected from the
surface ocean to the abyss (up to 5800 m) along a transect from the
subarctic to the subtropical biome (Yamaguchi et al., 2002, 2004; Table
S-2, row #7). Several different methods were employed to enumerate
and size plankton over a range of 4 orders of magnitude (0.2-2000 pm)
to determine biovolumes and to estimate biomass-C (Table S-2, row #7).
For the subtropical station (25°N, 137°E) most similar to the environ-
mental conditions at Station ALOHA, they reported a 0-100 m average
biomass of 10-30 pg C 17}, which is substantially greater than all pre-
vious studies in the NPSG (Table S-2, row #7). They do acknowledge
that they used larger (termed “older”; Yamaguchi et al., 2004) conver-
sion factors to allow a comparison with their previously published work.
Applying what they describe as the newer conversion factors of 11, 35,
and 100 fg cell™! for heterotrophic bacteria, Prochlorococcus, and Syn-
echococcus, respectively, would reduce their biomass-C estimates by at
least 50%. At all depths, “heterotrophic bacteria” accounted for 50% of
the total plankton biomass, followed by a large, but more variable with
depth, contribution of protozooplankton (average ~20% of total).

Sohrin et al. (2010) conducted an extensive study of full ocean depth
profiles of prokaryotes, heterotrophic nanoflagellates (HNF), and cili-
ates along a transect at 160°W in the North Pacific Ocean from the
equator to the subarctic region, including three stations in the NPSG.
Their total microbial biomass-C estimates for the upper euphotic zone
(0-100 m) of the three subtropical stations averaged 27.7 ug C 17}, with
phytoplankton as the dominant component (71%; Table S-2, row #8).
Again, this estimate is substantially greater than most others. Their use
of a single C:Chl a conversion factor of 157 throughout the entire 0-100
m depth range may have led to an overestimation of phytoplankton C at
these stations.

More recently, Pasulka et al. (2013) reported the temporal dynamics
of microbial biomass at Station ALOHA over a 6-yr period (2004-2009).
This comprehensive study employed a variety of methods including flow
cytometry for autotrophic picophytoplankton (Prochlorococcus and
Synechococcus) and epifluorescence microscopy of DAPI-stained samples
for nano- and microplankton. Eukaryotic cells were binned into eight
functional groups based on size, shape, and fluorescence characteristics.
The abundant picocyanobacterium Prochlorococcus, which was not
included in the Beers et al. (1975, 1982) studies, comprised 30-50% of
the total autotrophic biomass in both the upper (0-50 m) and lower
(75-125 m) portions of the euphotic zone. Picophytoplankton, auto-
trophic eukaryotes, and heterotrophic protists over the 0-125 m portion
of the euphotic zone ranged from ~6-9 ug C171,5-7 ug C1°, and 5-7 pg
cl, respectively (Table S-2, rows #9-11), with both seasonal and
depth variability. They also reported a seasonal shift in the autotrophic:
heterotrophic biomass ratios from >1.3 in winter-spring seasons to <0.7
in summer-fall (Pasulka et al., 2013). The condition of biomass domi-
nance by heterotrophic microorganisms in the euphotic zone, an
“inverted trophic pyramid” for the planktonic community, is a common
feature of oligotrophic marine ecosystems due to high turnover rates of
the autotrophic biomass and high percentages of non-living particulate
matter (Gasol et al., 1997). As in the previous studies by Beers (1975,
1982), the autotrophic eukaryote assemblage was dominated by prym-
nesiophytes and flagellates, with diatoms representing only a few
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percent of total biomass-C (Pasulka et al., 2013). The sum of the mean
values for these three microbial groups exceeds the mean total microbial
biomass of 7.8 ug C 17! derived from the 30-yr mean P-ATP concentra-
tions. This is likely a result of inaccuracies or biases in the assumed P-
ATP to biomass-C and per cell C quotas, extrapolations that are used for
these independent studies. For example, Pasulka et al. (2013) assumed
that Prochlorococcus had a constant C quota of 32 fg C cell ™!, whereas
more recent research at Station ALOHA reported a value of ~26 fg C
cell™! for Prochlorococcus in surface waters (Casey et al., 2019).

Finally, Rii et al. (2016) reported the abundance, biomass, and H4c.
based primary production attributable to picophytoplankton (<3 um) at
Station ALOHA over a 1-year period. They employed flow cytometrically
derived forward scatter to estimate biovolumes, and a C-to-biovolume
conversion factor of 237 fg C um 3. Average picophytoplankton biomass
in the 0-125 m region of the water column varied considerably (range =
1.2 to 3.0 ug C 171 over the 1-yr observation period (Rii et al., 2016),
with Prochlorococcus comprising the dominant (61-78%) portion of total
picophytoplankton biomass. These estimates by Rii et al. (2016) of
Prochlorococcus biomass (0.9-2.0 ug C 17}; Table S-2, row #12) at Sta-
tion ALOHA are ~25-30% of the biomass-C values for Prochlorococcus
reported by Pasulka et al. (2013) for the same location. This underscores
the importance of assumptions used to extrapolate cell abundances to
biomass, and the challenge in obtaining accurate estimates of total or
taxon-specific microbial biomass in the NPSG.

Neither Beers et al. (1975, 1982), Pasulka et al. (2013), nor Rii et al.
(2016) evaluated the contribution of heterotrophic bacteria to total
microbial biomass-C in the NPSG. Bacterial cell abundances in the upper
0-100 m of the water column at Station ALOHA average 3.8 to 4.8 x 10°
cells 1! with peak values generally at 45 m, similar to the P-ATP profile.
The C quotas for high-scatter (HS) versus low scatter (LS) cells at Station
ALOHA vary considerably and are log normally distributed with mean
(median) values of 26.6 (22.6) and 6.7 (5.9) fg C cell’l, respectively
(Casey et al., 2019). Consequently, accurate bacterial biomass estima-
tion also requires data on the proportion of the two populations with
depth and over time. For the limited data that are available from Station
ALOHA, the smaller (LS) cells dominate (>75%) the heterotrophic
bacterial assemblage (Casey et al., 2019), resulting in a population-
weighted mean (median) of 11.6 (10.0) fg C cell"!. This value is indis-
tinguishable from an estimate previously derived using inverse
modeling of Station ALOHA observations (Christian and Karl, 1994) and
later used by Bjorkman et al. (2000) to constrain non-pigmented pro-
karyotic biomass (i.e., heterotrophic bacteria) in the Climax region, is
larger than the 6.3 + 1.6 fg C cell ! reported by Kawasaki et al. (2011)
for surface dwelling heterotrophic bacteria at Station ALOHA but is
similar to the value of 12.8 fg C cell ! used in the Sohrin et al. (2010)
study (Table S-2, row #8). If we assume that the C quota of heterotro-
phic bacteria is between 5 and 10 fg C cell ™}, then the extrapolated
biomass-C in the 0-125 m portion of the water column at Station ALOHA
would range from 2 to 5 pg C 17! (Table S-2, row #13). Combining the
Rii et al. (2016) estimates for picophytoplankton with these estimates
for heterotrophic bacteria, the total microbial biomass would be 3-7 pg
C 17! compared to 6-8 pg C 17! based on P-ATP (Table S-2, row #14).
The higher P-ATP estimate would also include eukaryotes >3 pm,
although the Beers et al. (1975) estimates for microplankton (2-200 pm)
in the Climax region appear to be high relative to the P-ATP based total
microbial biomass at Station ALOHA.

In theory, P-ATP concentrations in nature track microbial biovolume
more closely than biomass, per se, since intracellular ATP concentra-
tions are buffered at ~1-2 mM to optimize cellular energy transduction
reactions (Chapman and Atkinson, 1977). Consequently, we can also
estimate total living biovolume from P-ATP for comparison to total
particle biovolume measured using optical techniques to obtain an in-
dependent constraint on the relative proportion of living to nonliving
particles. During a series of cruises to Station ALOHA in Jul-Sep 2012,
Barone et al. (2015) measured total particle abundances (1.25-100 pm)
and particle size spectra (32 logarithmically spaced size classes) in the

15

Progress in Oceanography 205 (2022) 102803

euphotic zone (0-200 m) using a small-angle, forward-scattering laser
diffraction instrument (LISST-100X, Sequoia Scientific). Total particle
volume was consistently elevated between 20 and 80 m, averaging
0.076 + 0.014 ul 1™, and was dominated by particles in the 3-10 um size
range (Barone et al., 2015). Using the mean P-ATP concentrations at
Station ALOHA in the 25-75 m depth range (~32 ng 1), and assuming
1.5 mM as the average intracellular ATP concentration in living cells
(range 1-2 mM ATP; Chapman and Atkinson, 1977), we estimate a
biovolume of 0.048 pl 1"}, or ~62% of the total particle volume is
comprised of living cells. However, the P-ATP based biovolume estimate
would also include living particles that are below the 1.25 um detection
limit of the LISST-100X (e.g., picocyanobacteria and heterotrophic
bacteria) so the ~62% value is an upper constraint. This comparison of
two independent estimates of total particle volume to biovolume from P-
ATP supports the conclusion that nonliving particles comprise a large
portion of the PC pool and, hence, particle volume at Station ALOHA.

White et al. (2017) also used in situ optical techniques to distinguish
living from nonliving C at Station ALOHA. Based on high frequency (1
min underway sampling resolution) measurements of the beam atten-
uation coefficient (C,) at 660 nm, an optical proximity for PC in the
0.2-2.0 um size range (Siegel et al., 1989), they were able to resolve a
diel-oscillating pattern in Cp, which was attributed to the dynamics of
living C superimposed on a non-replicating, nonliving, detrital PC
background value. The C, proxy at Station ALOHA demonstrated that
the diel amplitude, with maximum values near sunset and minima at
sunrise, reflected a balance between net particle accumulation due to
photosynthesis and net nighttime loss due to respiration and other
processes (White et al., 2017; Henderikx-Freitas et al., 2021). By
comparing this high frequency diel C,, pattern with P-ATP collected on
37 HOT cruises at near monthly intervals for a 6-yr period (2015-2020),
and assuming two different C:ATP ratios of 250:1 and 400:1 (based on
the analysis of Christian and Karl, 1994), the mean living portion of total
PC ranged from 27 + 8% (for C:ATP = 250:1) to 42 + 12% (for C:ATP =
400:1), once again supporting the conclusion of dominance of particu-
late detritus in the upper portion of the euphotic zone at Station ALOHA
(Henderikx-Freitas et al., 2021). While large changes (2-3 fold) were
observed for both the baseline (detrital C) and the diel amplitude (living
C) from cruise to cruise, there was no clear seasonality in either PC
fraction for near-surface ocean samples. Day-to-day variability of C,
amplitude within cruises (average 17%) was nearly as large as month-to-
month variations (average 21%), indicating significant spatial or high
frequency temporal variability in both productivity and in the propor-
tion of living C (Henderikx-Freitas et al., 2021). Similar high frequency
variability in oxygen-derived gross primary productivity, respiration,
and net community production has previously been reported in the
NPSG (Nicholson et al., 2015; Barone et al., 2019).

Given the difficulties in enumerating the broad size spectrum and
phylogenetically diverse microbial assemblage at Station ALOHA, and
the even greater challenge of estimating total living organism bio-
volume, it should come as no surprise that the microbial biomass-C es-
timates obtained using different methods do not always converge. The P-
ATP derived microbial biomass-C values are generally lower than those
obtained using microscopic and flow cytometric estimates (see Table S-
2), and inclusion of bacterial biomass to the enumeration methods
would only lead to even larger discrepancies. Furthermore, whereas the
microscopic assessments show considerable decreases with depth within
the upper euphotic zone (0-100 m) and large seasonal variability, the
microbial biomass estimates based on P-ATP concentrations are rela-
tively constant with depth (0-100 m) with only small seasonal changes
(Fig. la inset, Fig. 2, and Table S-1).

An intriguing result of our 30-yr P-ATP time series is the perennial
peak that we observe at 45 m, a feature not seen in microbial biomass
estimation by microscopic and flow cytometric methods, which instead
generally report maxima for the upper euphotic zone (0-25 m; Beers
et al., 1975; Pasulka et al., 2013; Rii et al., 2016). The “peak” in P-ATP
could be interpreted as either increased concentrations at 45 m or
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depressed P-ATP concentrations in the upper 0-25 m portion of the
euphotic zone, relative to total microbial biomass (i.e., a lower intra-
cellular ATP concentration and higher C:ATP ratio for microorganisms
in near-surface waters). It is well known that phosphate limitation de-
creases cellular ATP (and increases the C:ATP ratio) in a variety of mi-
croorganisms (Sakshaug and Holm-Hansen, 1977; Karl, 1980), and the
surface waters at Station ALOHA are chronically depleted in phosphate
(Karl and Tien, 1997). Karl et al. (1995) reported a significant decrease
in surface P-ATP and corresponding increase in the C:ATP ratio at Sta-
tion ALOHA in response to the 1991-1992 El Nino event, despite in-
creases in primary production and photosynthetic assimilation number
(mg C mg Chl at h’l). Letelier et al. (1996) later developed a more
generalized model regarding phosphate depletion and decreased intra-
cellular ATP concentrations in surface waters at Station ALOHA that
occurred despite active microbial growth. We examined the relation-
ships between surface (5 and 25 m) phosphate concentrations and P-ATP
concentrations to determine whether there was any evidence to support
the hypothesis that phosphate stress may alter the in situ C:ATP ratio of
microbes at Station ALOHA. Assuming a relatively constant microbial
biomass in the surface waters, the phosphate stress effect would be
manifested as a decrease in P-ATP at phosphate concentrations below
the reported threshold of 50-60 nmol kg™! for phosphate limitation at
Station ALOHA (Letelier et al., 2019). The results of this analysis failed
to document any trend and, if anything, the P-ATP values are higher, not
lower, at phosphate concentrations < 50 nmol kg ™! (Fig. S-1). Conse-
quently, there is no evidence to support a change in the biomass-C to P-
ATP relationship in the upper euphotic zone at Station ALOHA. Alter-
natively, the microscopic methods might overestimate biomass-C in the
near surface waters due to the inability to distinguish between live and
dead cells, or to a systematic depth-dependent change in the abundance-
to-biovolume-to-biomass extrapolation.

Finally, Kawasaki et al. (2011) used a novel biomarker approach to
estimate the biomass-C of heterotrophic bacteria as well as the contri-
bution of bacterial detrital C to the total PC pool at Station ALOHA from
surface waters to the bathypelagic zone. By measuring muramic acid
(MA), D-Alanine (D-Ala), and D-Glutamic (D-Glu) acid (unique bio-
markers for bacteria; see McCarthy et al.,, 1998), they were able to
constrain total bacterial biomass and estimate the amount of nonliving C
that had been derived from previously living heterotrophic bacteria,
information that cannot be obtained by any other means. The concen-
trations of all three bacterial biomarkers were greatest in the upper
0-100 m, decreasing rapidly throughout the lower euphotic zone —
upper mesopelagic zone transition, then remaining relatively constant in
the bathypelagic zone (2000-4000 m; Kawasaki et al., 2011). These
depth patterns are nearly identical to those observed for P-ATP reported
herein. Kawasaki et al. (2011) also estimated that the C content of sur-
face dwelling heterotrophic bacteria at Station ALOHA accounted for 6.8
+ 1.1% of the total PC pool. Living cyanobacteria in their study
accounted for 13.3 + 2.2%, so the total prokaryotic biomass in the
0-100 region of the water column was 5 pg G171, or ~20% of the total
PC (Kawasaki et al., 2011). Based on these extensive studies and on our
own P-ATP 30-yr time series, total microbial biomass in the upper
euphotic zone at Station ALOHA is likely constrained to a value between
5 and 10 pg C 17! throughout the year.

4.2. Stochastic variability in microbial biomass inventories: upper
euphotic zone

Pasulka et al. (2013) evaluated the role of episodic deep winter
mixing as a possible control on autotrophic eukaryotic abundance and
biomass at Station ALOHA for the period Jun 2004 - Jan 2009. It had
previously been shown that deep winter mixing events can occasionally
penetrate to the top of the nutricline and deliver nitrate and phosphate
to the euphotic zone (Karl et al., 2001), possibly leading to a phyto-
plankton bloom. The deepest mixed layer in the Pasulka et al. (2013)
time-series (~140 m using the 0.125 potential density criterion) was
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observed in Jan 2006, but neither the abundance nor the biomass of
autotrophic eukaryotes “was notably elevated” compared to the winter
values observed in Feb 2005, Dec 2007, and Dec 2008. However, they
also noted that nitrate concentrations were not elevated in the upper
0-100 m during the Jan 2006 expedition despite the relatively deep
mixed layer. Since the coupling mechanisms and dynamics of nutrient
delivery, uptake, and subsequent export are not well constrained, it is
likely that nutrients delivered to the upper euphotic zone were rapidly
drawn down to background concentrations. Consequently, they were
unable to determine whether bottom-up processes including aperiodic,
advective nutrient fluxes were important controls on microbial biomass
in the near-surface waters at Station ALOHA.

We re-evaluated the relationships between deep mixing, nitrate de-
livery to the euphotic zone, and total microbial biomass-C using the
much longer 30-year time series at Station ALOHA. For this analysis, we
used two different mixed layer depth criteria, namely the 0.125 poten-
tial density difference from the surface and the 0.03 potential density
difference from 10 m, with the latter always returning a shallower mixed
layer depth at Station ALOHA (see Karl et al., 2021). Since each CTD
hydrocast for a given expedition has a unique mixed layer depth esti-
mate, we report the mixed layer depths for both the P-ATP hydrocast as
well as the standard deviations for each ~3-day expedition, compared to
the 30-year climatologies for each month (Table 5). Only those cruises
where mixed layer depth for the P-ATP hydrocast exceeded 125 m
(0.125 density criterion) and 100 m (0.03 density criterion) are
considered to be physical perturbations relative to the 30-year monthly
climatology (Table 5). With one exception (cruise 104, Apr 1999), all
remaining deep mixing events were in winter (Dec-Feb) when the upper
water column is least stratified and surface cooling is at its annual
maximum. The 0-100 m depth-integrated P-ATP concentrations coin-
ciding with these physical perturbations ranged from 1.9 to 2.9 mg m?
and were not systematically elevated compared to the corresponding 30-
year monthly climatologies. We independently evaluated the relation-
ships among 0-100 m depth-integrated nitrate inventories (presumably
a consequence of past or present deep mixing; Karl et al., 2001) and P-
ATP. We used a threshold of 6 mmol nitrate m~2 and, by this criterion,
our analysis of the 30-year time series identified 10 high nitrate per-
turbations (Table 6). The nitrate inventories ranged from 6.1 to 19.6
mmol m~2 and, as expected, most of the cruises with elevated 0-100 m
nitrate were in late fall and winter seasons (Nov-Feb; Table 6). An un-
expected result was that none of the 10 elevated surface nitrate cruises
coincided with any of the 9 cruises with deepest mixed layers (see
Table 5), as one might expect if deep mixing penetrated the top of the
nutricline and redistributed nitrate throughout the upper euphotic zone.
One likely explanation for this, as well as the relatively large range of
observed concentrations in the upper 0-100 m portion of the water
column, is the enormous capacity for rapid nutrient uptake and assim-
ilation by the nutrient-depleted microbial communities in the NPSG
(McAndrew et al., 2007). Consistent with the deep mixed layer analyses
(Table 5), the 0-100 m P-ATP inventories observed during the elevated
nitrate cruises were not systematically higher than the respective
monthly P-ATP climatologies (Table 6). Based on these ten cruises where
the 0-100 m nitrate inventory was unusually high, the mean difference
in the 0-100 m P-ATP inventory from the long-term monthly clima-
tology ranged from —0.9 to +0.8 mg m~2, with a mean value of +0.02
mg m 2 per event, a value that is equivalent to ~0.3% of the inventory
(Table 6).

Rii et al. (2021) recently evaluated the resilience of the picoeu-
karyotic community diversity and structure to episodic-scale physical
disturbances, including mixing, using data collected at Station ALOHA.
They concluded that while mixing can redistribute microorganisms
relative to pre-disturbance gradients in light and nutrients, community
structure was relatively resilient and recovered from physical pertur-
bation on the order of days to weeks, a time scale that is less than the
average interexpedition period (~40 d) for our time-series sampling at
Station ALOHA. Consequently, the absence of a predicted increase in
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Table 5
Impacts of deep mixed layers on 0-100 m depth-integrated P-ATP inventories.
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Mixed Layer Depth (m)

0.125 Density Criterion

0.3 Density Criterion

ATP cast Monthly ATP cast Monthly P-ATP Monthly
Cruise # cruise mean climatology cruise mean climatology inventory climatology
and Date (cruise SD, n) mean (SD, n) (cruise SD, n) mean (SD, n) (mg m’z) (mg m’z)
3 133 91 126 69 2.8 2.8
Jan 1989 118 (27, 23) 114 (26, 23) (0.1) 0.7)
(10, 15) (10, 15)
101 142 91 106 69 2.7 2.8
Jan 1999 127 (27, 23) 73 (26, 23) (0.1) (0.7)
(15, 15) (40, 15)
104 129 57 115 39 2.8 3.3
Apr 1999 128 (27, 23) 82 (19, 23) (0.1) (0.5)
(13,13) (41, 13)
144 121 91 118 69 2.7 2.8
Jan 2003 79 (27, 23) 113 (26, 23) 0.1) 0.7)
(15, 15) (8,14)
208 129 91 100 69 2.6 2.8
Jan 2009 110 (27, 23) 83 (26, 23) 0.1) 0.7)
(14, 15) (15, 15)
238 132 85 114 68 2.7 2.7
Dec 2011 118 (22, 25) 100 (25, 25) 0.1) (0.5)
11, 15) (12, 15)
249 124 72 104 50 1.9 2.7
Feb 2013 111 (27, 26) 77 (23, 26) 0.1) 0.7)
(37,15) (37, 15)
268 123 85 121 68 2.3 2.7
Dec 2014 107 (22, 25) 105 (25, 25) 0.1) (0.5)
(10, 14) (10, 14)
290 121 72 114 50 2.9 2.7
Feb 2017 114 (27, 26) 101 (23, 26) (0.1) 0.7)
(11, 15) (14, 15)

total microbial biomass-C, with either deep mixing or nitrate intrusion
into the upper euphotic zone, is consistent with the plankton community
resilience hypothesis presented by Rii et al. (2022). The relative uni-
formity of the 0-100 m depth-integrated P-ATP inventory, despite sea-
sonal and stochastic variations in environmental variables over the 30-
year observation period, is an excellent example of ecosystem homeo-
stasis. The predictability of P-ATP in the 0-100 m region of the water
column and the lack of any systematic response in total microbial
biomass-C to deep mixing and allochthonous nutrient delivery was un-
expected. Out of 277 cruises, there were only five (cruises 51/Jan 1994,
53/Mar 1994, 57/Sep 1994, 117/Jul 2000, 214/Aug 2009) where the

Table 6

0-100 m depth-integrated P-ATP inventories exceeded 2 standard de-
viations of the long-term mean value of 3.1 (SD = 0.7, n = 277) mg m~2.
There was nothing particularly unusual about any of these cruises (e.g.,
PC inventories, inorganic nutrient concentrations, primary production,
or particulate C export) that might have led to a higher than expected
microbial biomass, so these anomalies are currently unexplained. It
should be mentioned that 3 of the 5 cruises were in 1994, one of two
years where 0-100 m depth-integrated P-ATP was consistently elevated
relative to the 30-year mean (Fig. 4).

Finally, Liu and Levine (2021) presented a novel model to explore
the ecological impacts of short-lived upwelling events at Station ALOHA.

Impacts of elevated nitrate plus nitrite (N+N) inventories on 0-100 m depth-integrated P-ATP.

N+N N-+N monthly Cruise P-ATP P-ATP monthly P-ATP difference

Cruise # inventory climatology inventory climatology cruise-climatology
and Date (mmol m~%) (umol m~3) (mg m~2) (mg m2) mg m~2 (%)
14 9.1 2.2 2.6 2.7 -0.1

Feb 1989 (3.8) (0.1) 0.7) (-3.7)
45 10.8 2.2 3.3 2.7 +0.6

Feb 1993 (3.8) (0.1) (0.7) (+22)
82 19.6 1.8 4.1 3.3 +0.8

Apr 1997 (6.5) (0.2) (0.5) (+24)
109 6.1 1.8 3.3 3.1 +0.2

Nov 1999 (3.6) (0.1) 0.7) (+6.5)
133 18.4 1.9 2.9 2.7 +0.2

Dec 2001 (3.9) (0.1) (0.5) (+7.4)
135 14.8 2.2 2.0 2.7 —-0.7

Feb 2002 (3.8) (0.1) 0.7) (—26)
141 6.7 1.8 2.2 3.1 -0.9

Nov 2002 (3.6) (0.1) (0.7) (—29)
168 16.3 1.1 3.4 3.1 +0.3

Mar 2005 2.4 (0.1) (0.9) (+10)
289 9.8 1.9 2.4 2.7 -0.3

Dec 2017 3.9) (0.1) (0.5) (-11)
305 109 0.6 3.4 3.3 +0.1

Sep 2018 0.7) (0.1) (0.8) (+3.0)

17



D.M. Karl et al.

They focused their ecosystem simulations on the late winter — early
spring (Feb-Apr) period, when “excess” nitrate is often detected, and
explored a range of disturbance intensities and durations, the latter from
1 to 7 days. The greatest competitive advantage for large phytoplankton
(i.e., diatoms) was during high intensity (~40 m d_l), short-lived (1
day) physical disturbances. Under these conditions, the biomass of their
large phytoplankton class increased nearly 30% relative to pre-
disturbance conditions. For disturbances that lasted 1 day, all ecolog-
ical and biogeochemical impacts were restored to background condi-
tions after 28 days in their model domain. Furthermore, the
relationships between mixed layer depth, euphotic zone nitrate in-
ventory, and total microbial biomass (as assessed herein as P-ATP) are
complex, and likely temporally decoupled, as we present herein (Ta-
bles 5 and 6). Consequently, these model-predicted biomass increases
could go undetected in our 0-100 m depth-integrated P-ATP inventory
analysis unless the cruise coincided in time with the idealized dynamics
presented in their model (Liu and Levine, 2021).

4.3. Microbial biomass and organism attributions: lower euphotic-to-
mesopelagic zone transition, and below

Mean P-ATP inventories in the transition region between the lower
euphotic and upper mesopelagic zones (100-250 m) were greater than
one-half of those in the most productive, 0-100 m region of the water
column (Table 2). This relatively high microbial biomass was unex-
pected because rates of primary production below 100 m are ~10% of
the near-surface upper euphotic zone (Karl et al., 2021). Furthermore,
the photosynthetic compensation depth at Station ALOHA, where net
primary production is zero over a 24-hr period, is ~175 m (Laws et al.,
2014), so ecosystems beneath this depth rely entirely on allochthonous
sources of organic matter and energy. Within this transition region there
are steep gradients in P-ATP and PC; yet there still appears to be a
relatively large, viable microbial assemblage throughout the transition
zone that is presumably dominated by chemoorganoheterotrophic mi-
croorganisms. Indeed, the total depth-integrated microbial biomass
below 100 m exceeds that in the upper 0-100 m productive euphotic
zone (Table 2), but a quantitative understanding of sources of energy
required to sustain these biomass distributions is lacking at the present
time (see Biomass distributions: energy and ecology section).

In their original report of microbial biomass beneath the euphotic
zone off Southern California (33°19'N, 118°40'W), Holm-Hansen and
Booth (1966) documented a rapid decrease in P-ATP in the lower
portion of the euphotic zone similar to the trends that we observe at
Station ALOHA. However, beneath this zone of rapid P-ATP decrease,
Holm-Hansen and Booth (1966) reported a peak in P-ATP at ~400 m
reaching concentrations of 34-66 ng 1~ (compared to surface concen-
trations of ~300 ng P-ATP l’l), before a more gradual decrease at
greater depths to much lower P-ATP concentrations (~0.5 ng 17!) at
1025 m. The upper mesopelagic zone peak in P-ATP off southern Cali-
fornia also displayed an increase in the ratio of living to total PC (27%),
compared to lower values (biomass-C was < 6% of total PC) throughout
the remainder of the mesopelagic zone. Several independent studies
have also reported subsurface peaks in P-ATP in the upper mesopelagic
zone, including profiles collected off California (31°45'N, 120°30'W;
Hamilton et al., 1968, and 36°48'N, 121°46'W; Karl and Winn, 1984),
off the coast of Peru (09°45’S, 83°37’'W; Hamilton et al., 1968), on the
mid-Atlantic Ridge and abyssal plain of the North Atlantic Ocean
(26°18'N, 44°44'W and 26°51'N, 60°14'W, respectively; Karl et al.,
1976), in the Columbia Basin of the Caribbean Sea (10°6.5'N, 77°17'W;
Karl, 1979), in the tropical North Pacific Ocean (18°44'N, 156°50'W;
Winn and Karl, 1984), and at Station Gollum in the NPSG (22°10'N,
158°W; Holm-Hansen and Paerl, 1972). The broad geographical distri-
bution of this upper mesopelagic zone phenomenon suggests that there
might be a common mechanism to produce and sustain these features.
Subsurface peaks in P-ATP and PC have also been shown to be local
maxima in microbial activity at the core of the O, minimum, including
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in situ rates of RNA synthesis and ATP-specific rates of RNA synthesis
(Fellows et al., 1981). Therefore, these mesopelagic regions may be
metabolic hotspots supporting subeuphotic zone organic matter remi-
neralization as well as new biomass production. Karl et al. (1976) hy-
pothesized that sinking particulate organic matter, derived from the
productive surface ocean, might accumulate on specific isopycnal sur-
faces as the seawater density at depth approaches that of average
organic matter (~1.027 g cm’S; Riley, 1970). This allochthonous
organic matter could provide the C and energy resources necessary for
the net growth and accumulation of microbial biomass. Alternatively,
microorganisms associated with the sinking particles could be passively
transported downward and contribute to the mesopelagic zone peak in
P-ATP, or be actively transported by vertically migrating meso-
zooplankton (Hamilton et al., 1968). Holm-Hansen (1969) reported
peaks in PC and PN at 400 m off the California coast at 30°40'N,
120°02'W, but at that location at that time, there was no detectable P-
ATP peak. It is likely that the residence times of PC and P-ATP are
variable, as is the flux of PC from the euphotic zone, so these mesope-
lagic zone phenomena may be ephemeral. While we observe a small
(~20%) increase in the 30-yr mean P-ATP at 500 m, there is no
detectable increase in PC at the same depth at Station ALOHA (Fig. 1 and
Tables 1 and 3). Since the seawater density structure varies geographi-
cally, each site is unique, so one would need to conduct specific iso-
pycnal sampling near the 1.027 g cm > density horizon to test this
hypothesis. At Station ALOHA this target density is centered at ~675 m,
so our standard sampling depths of 500 and 750 m may have missed the
1.027 g em 3 isopycnal P-ATP and PC peaks, if they existed at all.
There are few quantitative microscopic studies that extend into the
mesopelagic zone of open ocean ecosystems. Fournier (1966) confirmed
previous observations, dating back to reports from the 1925-1927
Meteor expedition, of pigmented microorganisms in the aphotic regions
of diverse, pelagic habitats. Because these cells assimilated '*C-labeled
organic substrates (Fournier, 1966), they were judged to be viable and
metabolically active. In a comprehensive study of the North Atlantic
Ocean using sterile Niskin® bag samplers, a variety of fixation methods,
and light and electron microscopy techniques, Fournier (1970)
described three separate groups of cells: (1) abundant, small 1-5 um (but
occasionally as large as 15 um) spherical or ellipsoidal pigmented cells
that appeared yellow to brown in color under light microscopy, and
possibly prokaryotic because there were no discernible organelles, (2)
small 1.3-2.5 ym cells with eukaryotic organelles including chloro-
plasts, and (3) less abundant, small 1.2 um cells with little internal dif-
ferentiation that were often clumped and appeared to be reproducing.
The most abundant group, which peaked at a depth of 375-450 m in all
10 North Atlantic stations at ~125 x 10° cells 17! (Fournier, 1970),
appeared to be identical to the “olive green cells” (OGCs) reported from
the Meteor expedition (Hentschel, 1936). Confirmation of Fournier’s
report came quickly with the analysis of samples collected off the coast
of California (31°45'N, 120°30’'W; Hamilton et al., 1968). This latter
study was able to culture small green autotrophic cells of the same size
and appearance as the previously described OGCs from depths to 2000
m, confirming the presence of viable cells. The Hamilton et al. (1968)
study also included measurements of P-ATP, so an estimate could be
made of the contribution of these enigmatic pigmented cells to aphotic
zone microbial biomass. For the 300-1000 m depth region of the water
column, the small 1.5-4.5 ym pigmented cells accounted for only ~5%
of the total microbial biomass estimated from P-ATP at this coastal
station (Hamilton et al., 1968). Fournier and Holm-Hansen made inde-
pendent measurements of OGCs and P-ATP at Station Gollum, and re-
ported that OGCs at this oligotrophic site represented a significant
percentage of the total microbial biomass, up to 100%, in the mesope-
lagic and bathypelagic zones (Fournier, 1971; Holm-Hansen and Paerl,
1972). Furthermore, Fournier (1973) documented the presence of OGCs
in the digestive tracts of pelagic tunicates collected from 450 to 750 m in
the NPSG, thereby providing direct evidence of a mesopelagic sink for
OGCs. Gowing and Silver (1985) have also reported the presence of
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small fecal pellets (“minipellets,” 3-50 um in diameter) collected in
sediment traps at various depths (80-2000 m) in the eastern tropical
North Pacific Ocean, some of which were identical in appearance to
OGCs. The process required to sustain this sub-euphotic zone population
distribution of OGCs remains poorly understood. But, it may be related
to particulate matter export from the euphotic zone, as suggested by
Gowing and Silver (1985), even though the OGCs were rare in both
surface waters and in the digestive tracts of tunicates collected in the
euphotic zone (Fournier, 1973). Alternatively, Sorokin et al. (1985)
hypothesized that OGCs may be cysts of small (3-6 um) microflagellates.

It is expected that heterotrophic microorganisms, especially free-
living and particle-associated bacteria, would dominate the total mi-
crobial biomass throughout the meso- and bathypelagic regions of the
water column. Accurate quantitative determinations of bacteria became
possible only after the introduction of fluorescent dyes and epifluor-
escence microscopy, combined with the use of polycarbonate membrane
filters (e.g., Hobbie et al., 1977). However, the small size of marine
bacteria, changes in cell size upon fixation, the “halo-effect” of fluo-
rescent dyes, and the inability to distinguish between live and dead cells
precluded accurate biovolume and, therefore, biomass determinations
(Daley, 1979). As a complementary approach, Watson et al. (1977)
devised a novel method to estimate the biomass of gram-negative bac-
teria based on the measurement of particulate lipopolysaccharide (P-
LPS). Laboratory-based estimates of the C:LPS ratio of a variety of
morphologically and taxonomically diverse bacteria converged on a
value of 6.35:1, and this was adopted for use in the field to estimate
bacterial biomass throughout the water column in a variety of open
ocean habitats. In one study, Watson and Hobbie (1979) compared
mesopelagic zone microbial biomass derived from P-ATP, epifluor-
escence microscopy, and P-LPS using conversion factors of 250:1 (C:
ATP), 10 fg C bacterial cell™!, and 6.35:1 (C:LPS) for 11 samples
collected throughout the mesopelagic zone (200-1800 m) at a station off
the southwest coast of Africa. The LPS-derived estimate of bacterial
biomass was on average 135% (range 82-275%, median 117%) of the
direct count estimate of bacterial biomass, and was 85% (range
53-146%, median 90%) of the total microbial biomass derived from P-
ATP (Watson and Hobbie, 1979). These results suggest that gram-
negative bacteria are the dominant biomass component throughout
the mesopelagic zone in this region of the world’s ocean.

Shibata et al. (2006) measured particulate peptidoglycan (P-PG), a
unique biomarker for bacteria, at several stations in the western Pacific
Ocean off Japan. P-PG concentrations were well correlated with bacte-
rial abundance measured using epifluorescence microscopy. However,
based on measured P-PG per bacterium, they concluded that most of P-
PG (>85%), especially in the bathypelagic zone, must be associated with
particulate detritus of bacterial origin, rather than with living cells.
These results confirmed previous observations of Benner and Kaiser
(2003) and Kawasaki et al. (2011) using an independent set of bacterial
biomarkers (see Particulate matter: sampling, size distribution,
composition, and stoichiometry section).

One of the most comprehensive reports of mesopelagic and bathy-
pelagic bacterial biomass in the North Pacific Ocean included several
stations in subtropical ecosystems to depths of ~6000 m (Nagata et al.,
2000). Bacterial biomass was extrapolated from cell abundances using
epifluorescence microscopy, assuming 15 fg C cell ™!, a value that was
50% higher than the conversion factor used in the Watson and Hobbie
(1979) field study. Several interesting features included: (1) a depth-
integrated bacterial biomass in the 1000-4000 m region of 0.7-1.4 g
C m~2, a value that was equivalent to that observed for total phyto-
plankton biomass in the euphotic zone (0.5-1.2 g C m~2), and consistent
with the P-ATP derived microbial biomass versus depth distributions
from Station ALOHA (Table 2), (2) a vertical profile of bacterial abun-
dance and metabolic activity (as determined by 3H-leucine incorpora-
tion) that statistically fit a log-log transformed power function similar to
that described by Martin et al. (1987) for the downward flux of partic-
ulate organic matter (see Biomass distributions: energy and ecology
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section), and (3) an estimated turnover time of 2.6-18 yr for bacterial
biomass in the 1000-4000 m depth region. The authors acknowledged
that the rates of °H-leucine incorporation may have been under-
estimated by up to a factor of six since they were not conducted under in
situ conditions of hydrostatic pressure, so the actual turnover times are
probably much faster. Furthermore, they also acknowledged that the
total bacterial cell abundances they report may include inactive,
dormant, and “ghost” (i.e., dead; Zweifel and Hagstrom, 1995) cells, so
both bacterial biomasses and turnover times may be in error. Never-
theless, this comprehensive study stands as a benchmark for our un-
derstanding of bathypelagic microbial ecology. Based on the assumption
that the bacteria enumerated in their study were chemo-
organoheterotrophic, they concluded that the source of carbon and en-
ergy required to support the bathypelagic food web must be the rain of
detrital materials ultimately produced in the euphotic zone, and thus
supported the Cho and Azam (1988) model that sinking particles are
solubilized to release dissolved organics that support the free-living
heterotrophic bacteria throughout the water column (see Biomass
distributions: energy and ecology section).

Several recent studies of microbial biomass in subeuphotic zone
habitats report “prokaryotes” as the dominant group (Sohrin et al.,
2010; Pernice et al., 2015). This term includes both heterotrophic bac-
teria plus Archaea, without further distinction between these funda-
mentally distinct microbes. It was initially thought that Archaea were
relegated to Earth’s most extreme environments until they were later
discovered to be abundant and ubiquitous components of marine
plankton in both coastal and open ocean habitats (DelLong, 1992;
Fuhrman et al., 1992). Because extant epifluorescence-based micro-
scopic methods used for “bacterial” cell enumeration (e.g., Nagata et al.,
2000) cannot distinguish between the domains Bacteria and Archaea,
previous estimates of bacterial biomass by direct epifluorescence mi-
croscopy could be called into question. Karner et al. (2001) employed
rRNA-targeted fluorescent probes to independently enumerate Bacteria
and Archaea at Station ALOHA over a 1-yr period (1997-1998). The two
archaeal and one bacterial probes targeted viable cells and together
detected >80% of the total DAPI-stained cells, which set an upper limit
of ~20% of total cell abundance for the contribution of ghost cells in the
mesopelagic and bathypelagic zones at Station ALOHA. Their results
documented a domain shift below ~100 m with Crenarchaeota (Marine
Group I Archaea) increasing in relative proportion to achieve equity
with Bacteria below ~1000 m (Karner et al., 2001). No biovolume es-
timates were provided in this study, but a previous investigation of
several deep water stations in the eastern North Atlantic Ocean
(Patching and Eardly, 1997) reported that “bacterial” cell biovolumes
were relatively constant over the entire water column with mean values
ranging from 0.03 to 0.05 ym® and a biovolume-frequency distribution
that was skewed towards smaller cells. As long as there is no size (bio-
volume) bias between planktonic Bacteria and Archaea, the previous
misattribution of Archaea is of no consequence in estimating “bacterial”
biomass from cell abundances. However, the metabolic capabilities,
growth rates, and biogeochemical functions of these two distinct groups
may be fundamentally different, so combining them into the category
prokaryotes may complicate the ecological interpretations of energy
flow. For example, Herndl et al. (2005) reported that some Archaea are
chemolithoautotrophic, using reduced inorganic substrates (e.g.,
ammonium) as energy sources and carbon dioxide as a C source. In
support of the existence of Crenarchaeal chemolithoautotrophy, Church
et al. (2010) presented observations from a range of North Pacific
mesopelagic habitats, including Station ALOHA, documenting the
ubiquity of Crenarchael amoA genes and transcripts throughout the
mesopelagic zone, suggesting a metabolic potential for chemo-
lithotrophic ammonium oxidation. However, the authors were quick to
point out that their results do not preclude chemolithoorganotrophy, the
simultaneous oxidation of ammonium and assimilation of organic sub-
strates as previously shown for Crenarchaeota in other marine habitats.
However, if the metabolic balance was in favor of
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chemolithoautotrophy, then a source of reduced inorganic substrates
would need to be identified for net carbon fixation to occur well beneath
the euphotic zone (see Biomass distributions: energy and ecology
section). Studies using whole genome sequence analysis of sorted, un-
cultured Proteobacteria cells sampled from the mesopelagic zone of
Station ALOHA reported genomic evidence for sulfur-based chemo-
lithoautotrophy (Swan et al., 2011), and it has also been suggested that
nitrite-oxidizing bacteria may play a major role in deep ocean inorganic
carbon fixation (Pachiadaki et al., 2017). The balance between meso-
and bathypelagic zone autotrophy versus heterotrophy needs to be
reconciled, given its importance for modeling C and energy flows in
pelagic ecosystems (Herndl and Reinthaler, 2013).

There are relatively few quantitative reports of eukaryotic microor-
ganisms in the meso- and bathypelagic zones of the ocean. Morgan-Smith
et al. (2011) provide one of the most comprehensive assessments for a
series of stations in the subtropical and tropical North Atlantic Ocean. By
combining a catalyzed reporter deposition-fluorescence in situ hybridi-
zation (CARD-FISH) method using two independent eukaryotic probes
(EUK516 and KIN516) with more conventional epifluorescence micro-
scopy, they were able to enumerate, size, and differentiate (based on
morphology) 9 categories of eukaryotic microorganisms to depths of
5000 m. The general pattern displayed an exponential decrease in total
abundance from 100 to 900 m, followed by near constancy of eukaryotic
cell numbers from 1000 to 5000 m. The cell numbers at depths >1500 m
ranged from 6.4 to 32 cells ml™! (for epifluorescence microscopy)
compared to 0.68-6.4 cells ml~! for the CARD-FISH method (Morgan-
Smith et al., 2011). Kinetoplastids (detected using the universal KIN516
probe) were abundant, ranging from 16 to 27% of the total eukaryotic
cells (detected using the universal EUK516 probe). This study also eval-
uated the effects of hydrostatic pressure by comparing paired samples
from 2750 and 4000 m that were collected using pressure-retaining ti-
tanium chambers that allowed fixation either before or following
depressurization. No difference was found in the number of eukaryotes
detected. A follow-on study in the tropical and subtropical North Atlantic,
using similar analytical methods, collected samples to a depth of 7000 m.
This latter study used six different CARD-FISH probes to enumerate a
variety of taxonomically distinct groups of eukaryotes. As in the previous
study, cell abundances using CARD-FISH were lower, by up to an order of
magnitude, compared to the fluorescent microscopic technique (Morgan-
Smith et al., 2013). Unfortunately, no total eukaryote biomass estimates
were presented in either study.

Finally, Pernice et al. (2015) investigated the abundances and bio-
masses of prokaryotes and heterotrophic protists in the “dark ocean” at
116 stations worldwide as one component of the Malaspina 2010
expedition, including multiple stations in the NPSG. Three comple-
mentary techniques (epifluorescence microscopy, fluorescence in situ
hybridization using a eukaryote probe, and flow cytometry) were used.
Cell biovolumes were extrapolated to biomass-C using previously pub-
lished relationships (Menden-Deuer and Lessard (2000) for protists and
Gundersen et al. (2002) for prokaryotes). Global average heterotrophic
protist biomass decreased from ~280 ng C 17! in the upper mesopelagic
zone to 50 ng C 17! in the bathypelagic zone. Prokaryote biomass-C was
2.6 times greater than heterotrophic protists in the mesopelagic zone
and 4.8 times greater in the bathypelagic zone, documenting a system-
atic increase in the prokaryote-to-protist biomass-C with depth. In a
follow-on study, Pernice et al. (2016) reported the taxonomic diversity
of bathypelagic zone microbial eukaryotes (0.8-20 um) for the global
ocean, including several stations in the NPSG. They employed pyrose-
quencing of the V4 region of the 18S rRNA gene to examine the taxo-
nomic diversity of deep-sea microbial communities. Each 100-1 deep
seawater sample contained between 400 and 1000 “operational taxo-
nomic units” (OTUs, binned as pyrotags with a 97% sequence similarity
threshold); the pooled samples revealed a global richness of ~2500
OTUs (Pernice et al., 2016). At the taxonomic level, Rhizaria (53%) and
Alveolata (18%) were the most abundant supergroups.
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4.4. Particulate matter: sampling, size distribution, composition, and
elemental stoichiometry

Quantitative sampling of suspended particulate matter might appear
to be simple and straightforward, but this is not the case. First, one must
select between a range of screens (constructed from metal or plastic) or
membranes (composed of cellulose esters or glass fibers) each with
unique retention characteristics. Head-to-head comparisons have shown
that the metal filters retain particles that are similar to the nominal pore
size whereas the glass fiber filters used in our study retain particles much
smaller than the nominal pore size, even for small sample sizes and low
particle concentrations (Sheldon, 1972). For example, Viviani et al.
(2015) found no significant differences in Chl a concentrations for GF/F
and 0.2 pm porosity Nuclepore® filters at Station ALOHA. The dominant
Chl a-containing microorganism at Station ALOHA, Prochlorococcus, has
a size distribution that is smaller than the 0.7 um nominal porosity of the
GF/F filters (80 + 3% of cells are in 0.35-0.65 pm interval; Casey et al.,
2019), documenting the much smaller effective porosity, as previously
shown by Sheldon (1972).

The present study used glass fiber filters to operationally define the
boundary between dissolved and particulate matter. However, the size
spectra for P-ATP and PC are likely to be quite different. While the glass
fiber filters used in this study probably capture the majority of P-ATP in
the ocean (note: P-ATP concentrations using Whatman GF/F filters
generally equal or exceed P-ATP concentrations using 0.2 um poly-
carbonate membranes), this is not true for nonliving particles. Indeed,
Altabet (1990) reported that 0.2 ym aluminum oxide Anopore® filters
collected ~40% more PC and ~31% more PN than the more commonly
employed Whatman GF/F filters for samples collected in different sea-
sons at a station in the oligotrophic Sargasso Sea. However, the particles
retained on Anopore filters but not retained on GF/F filters, had nearly
identical PC:PN ratios (Anopore PC:PN molar ratios were only 5% (SD =
5%) higher than GF/F filters; Altabet, 1990). We justify our use of GF/F
filters for PC and PN analyses because they are matched with our P-ATP
determinations, and because it is probable that the GF/F filters effi-
ciently collect most, if not all, living microorganisms.

In a series of high-profile papers, R. Benner’s laboratory reported the
chemical composition of ultrafiltered (0.1-60 um) particulate matter at
Station ALOHA. Their analysis included molecular biomarkers to
constrain the sources of organic matter throughout the water column.
Muramic acid, an amino sugar found only in the bacterial cell wall
polymer peptidoglycan and D-amino acids (D-aspartic acid, D-glutamic
acid, D-alanine, and D-serine) were used to estimate bacterial contri-
butions to particulate matter (Kaiser and Benner, 2008; Kawasaki et al.,
2011). Remarkably, C and N of bacterial origins accounted for ~30%
(range 28-32%) of the total POC and ~50% (range 49-64%) of the
particulate organic N (PON), the latter increasing with depth to >60% in
the bathypelagic zone (Kaiser and Benner, 2008). It was estimated that
<7% (deep) to 15% (surface) of the “bacterial biomass” was living
bacteria; the remainder was particulate detritus of bacterial origin
(Kaiser and Benner, 2008). However, comparisons of ultrafiltered par-
ticulate organic matter (0.1-60 um) with ultrafiltered dissolved organic
matter (1-100 nm) at Station ALOHA revealed a unique chemical
composition for each fraction which argues against any simple
aggregation-dissolution equilibrium between these two pools.

We have already established the fact that most of the PC in the water
column, including the upper euphotic zone (0-100 m), is nonliving
(Fig. 1a inset and Table 2). Yet the bulk molar PC:PN ratio is nearly
identical to that of living cells; i.e., the canonical Redfield et al. (1963)
ratio of 6.6. The average PC:PN in the 0-350 m region of the water
column, which includes the entire euphotic zone (0-175 m) and the
upper regions of the mesopelagic zone, is 6.7 (range 6.2-7.1) with the
entire lower region of the euphotic zone (100-175 m) displaying PC:PN
ratios that are even slightly lower than the Redfield ratio (Fig. 1b and
Table 3). Furthermore, marine phytoplankton are thought to achieve
Redfield stoichiometry only as they approach their maximum growth
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rates (Umax), and deviations from this optimum C:N ratio have been used
to infer in situ growth rates (Goldman et al., 1979). Therefore, it may
seem enigmatic that the large pool of particulate detritus appears to be
in “stoichiometric equilibrium” with that of microorganisms growing at
or near their maximal rates. Either the detrital pools of PC and PN are
turning over at rates that coincidentally sustain the PC:PN ratios of
nutrient-replete, rapidly growing cells, or some other process is acting to
buffer the total particulate matter pool at the Redfield C:N ratio in the
0-350 m region of the water column, year round over the past 30 years.
Only at depths > 500 m does the PC:PN ratio of the total particulate
matter pools begin to deviate significantly from the Redfield ratio
(Fig. 1b inset and Table 3). Similarly, the calcium carbonate corrected
POC:PN molar ratio of sinking particulate matter collected in sediment
traps deployed at 150 m averages 7.0 (Karl et al., 2021), indicating a
stoichiometric coupling between production, recycling, and export of C
and N at Station ALOHA.

Lee and Fuhrman (1987) measured C:N of bacteria grown in un-
amended, particle-free seawater cultures. They reported C:N weight
ratios ranging from 2.5 to 4.3 with a mean of 3.7, equivalent to a C:N
molar ratio of ~4.3. However, direct determinations of the C:N ratios of
open ocean bacteria using either tangential flow filtration coupled to
high temperature combustion (Fukuda et al., 1998) or transmission
electron microscopy coupled to x-ray microanalysis (Gundersen et al.,
2002) reported much higher C:N molar ratios (mean = 6.8, SD - 1.2 and
geometric means of 5.3-9.1, respectively for the two independent
studies). Average per cell C quotas for oceanic bacteria also appear to be
much lower than the 20 fg C cell ™! used by Lee and Fuhrman (1987).
This is a critical point because Cho and Azam (1988) reported that 90%
of all organic particulate matter in surface water was bacterial and that
bacterial-C averaged ~70% of the total POC in the mesopelagic zone of
the NPSG. These estimates are probably too high based on subsequent
reports of the C cell quotas for oligotrophic oceanic bacteria, and on the
ATP-based total microbial biomass-C estimates (an upper limit on bac-
terial biomass-C) presented herein.

It has been reported that, unlike C and N, particulate phosphorus
(PP) in the surface waters of the NPSG is associated only with living
organisms and, therefore, can be used as a “detritus-free biomass mea-
surement” (Perry and Eppley, 1981). The authors employed a
laboratory-derived PP:ATP weight (g g~1) ratio of 6.6 to estimate living
PP from field measurements of P-ATP in the Climax region of the NPSG,
and compared that estimate of living P to direct measurements of PP.
The median difference between the two estimates was 12% (Perry and
Eppley, 1981). The authors concluded that PP must turn over much
faster than PC or PN, following death by grazing or autolysis. This
assumption of “P-free” particulate organic detritus has been invoked to
identify geographically and stoichiometrically distinct plankton assem-
blages (Martiny et al., 2013). Nevertheless, growth rates estimated from
33p0, uptake and PP concentrations indicated very low values
(0.13-0.20 doublings ah compared to the ~1 d~! from the PRPOOS
and ADIOS field campaigns (Laws et al., 1984; Jones et al., 1996),
indicative of the presence of nonliving PP. Indeed, it is well established
that most of the particulate, P-containing deoxyribonucleic acid (DNA)
in the sea is nonliving (Holm-Hansen et al., 1968; Sutcliffe et al., 1970;
Winn and Karl, 1984), so the presence of PP in the detrital fraction seems
to be well established. We estimated living PP at Station ALOHA for the
period 2015-2018 using the previously employed weight ratio of 6.6
(Perry and Eppley, 1981) compared to our direct measurements of PP. In
surface waters (0-75 m) where PP was fairly constant at ~0.5 g P 17!
(Hebel and Karl, 2001) and the mean P-ATP of ~30 ng 1! (Fig. 1a and
Table 1), the PP:ATP relationship of Perry and Eppley (1981) predicts a
biomass-P that equates to ~50% of the total PP pool. This value is higher
than we report herein for PC (~30%; Table 2), but still far from the
100% estimate, as previously assumed.

Finally, Hernes and Benner (2002) reported a significant concen-
tration of lignin phenols at Station ALOHA, biomarkers for terrigenous
organic matter with no known marine source. A lignin concentration
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peak for the 0.1-60 pm size class was observed at the depth corre-
sponding to the North Pacific Intermediate Water, which for Station
ALOHA is present from 500 to 800 m. Based on a two-end-member
mixing model for organic matter with marine sources having a 5'3C
=-22°/,, and terrestrial sources a §'°C = —27°/,, and no fractionation,
terrigenous organic matter at Station ALOHA was estimated to be
22-89% of the total POC, with an average of 70% at depths >100 m.
Proposed sources include atmospheric deposition in the source waters
near the Sea of Okhotsk, riverine input from the Kamchatka Peninsula
and Siberia, or both (Hernes and Benner, 2002). It remains unknown
whether any fraction of the mesopelagic P-ATP that we report herein is
also supplied via horizontal transport to our study site. However, the
possibility of terrigenous P-ATP at our study site seems highly unlikely,
if not improbable.

4.5. Biomass distributions: energy and ecology

The earliest ecological application of the ATP assay was to determine
the total microbial biomass profile in the sea, and to compare biomass
distributions in space and time (Holm-Hansen and Booth, 1966; Holm-
Hansen, 1969). Several general patterns emerged from these initial in-
vestigations, including decreases in P-ATP with distance from shore and
with depth in the water column. Perhaps more importantly, the coastal
enrichments in P-ATP were not just a surface phenomenon, but extended
well into the mesopelagic zone. For example, in a neritic-to-oceanic
transect off central California, the 5 ng P-ATP 17! isopleth depth
decreased from ~1300 m near the coast to ~400 m in the open sea (Karl
and Dobbs, 1998). It was concluded that the subeuphotic zone enrich-
ment in P-ATP in the coastal region was a manifestation of a higher rate
of near-surface primary production coupled to an increased flux of
reduced carbon and energy in the form of sinking particulate matter
(Karl and Dobbs, 1998). Consequently, an exponential decrease in par-
ticle flux (Knauer et al., 1979; Martin et al., 1987) would be expected to
sustain an exponential decrease in total microbial biomass, if sinking
particles were the primary source of nutrition (Cho and Azam, 1988).

At Station ALOHA, the mean water column inventory (0-4800 m) of
P-ATP is 7.9 mg m ™2, of which 61% resides in depths >100 m, and 22%
in the bathypelagic zone (>1000 m; Table 2). Our total water column
microbial biomass estimate ~2 g C m2 (1.2 g C m~2 > 100 m) is
comparable to previous estimates of 1.9 g C m~2 (200-4000 m) for the
sum of prokaryotes (1.6 g m~2) plus HNF (0.3 g m™2) for samples
collected on the global ocean Malaspina expedition (Pernice et al.,
2015). Sohrin et al. (2010) reported an even larger microbial biomass for
their three NPSG stations with a mean 100-4000 m estimate of 2.1 g C
m~2 (prokaryotes = 1.9 g Cm™2, HNF = 0.2 g C m ™2, ciliates = 0.03 g C
m~2). Consequently, our P-ATP-based estimate of 1.2 g C m™2 for total
microbial biomass for the >100 m portion of the water column is lower
than the estimates based on microscopy and estimates of cell biovolume.
The estimate reported by Yamaguchi et al. (2004) of 7.4 g C m~2 for
bacteria (4.7 g¢ C m~2) plus phytoplankton (1.1 g C m~2) plus proto-
zooplankton (1.6 g C m~2) for a station at 25°N, 137°E is unrealistically
high and probably a result of their acknowledged use of “old” conversion
factors, as discussed previously. So our conclusion that the majority of
total water column microbial biomass-C is found at depths >100 m
conforms to the limited previous reports. If sinking organic C supports
the majority of living organisms below the euphotic zone, it is difficult to
reconcile this observed biomass distribution, where more than half of
the living microbial C is present at depths greater than the photosyn-
thetic compensation depth (~175 m; Laws et al., 2014; Fig. 9).

Studies of mesopelagic and bathypelagic zone microbial respiration
suggest that >70% of the carbon demand could be supplied by sinking
particles (Aristegui et al., 2005). Furthermore, respiration has a very
strong depth-dependence with mesopelagic zone (150-1000 m) rates of
3.4 mol C m~2 yr ! compared to bathypelagic zone (>1000 m) rates of
~0.5 mol C m~2 yr~?, again supporting a model where sinking partic-
ulate matter is the major supplier of organic C and energy to sustain
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microbial metabolic processes. In the open ocean, direct measurements
of microbial respiration by in vitro oxygen consumption are not possible
at depths greater than ~200 m (without pre-concentration of the sam-
ple) due to the limited sensitivity of the method. Consequently, indirect
methods to estimate microbial respiration must be employed. Martin
et al. (1987) used data on sinking particle flux attrition to constrain
mesopelagic-bathypelagic oxygen utilization rates for several North
Pacific Ocean stations. They reasoned that the vertical flux attrition of
organic matter is due to the remineralization of organic matter and used
estimates of 1.0, 1.5, and 0.25 mol of O3 consumed per mole of C, N, and
H atoms remineralized. Based on their open ocean composite C flux
profile, subeuphotic oxygen utilization rates ranged from ~1 mmol Oy
m~3 yr’1 at 500 m to < 0.1 mmol O, m~3 yr’1 at 2000 m (Martin et al.,
1987).

The most frequently used approach is the measurement of respira-
tory Electron Transport System (ETS) dehydrogenase enzyme activity
(Packard, 1971). This method relies on the extraction of the ETS en-
zymes from living microbes followed by in vitro measurement of its
reduction of 2-p-iodophenyl-3-p-nitrophenyl-5-phenyltetrazolium chlo-
ride (INT) to formazan (reduced INT; INT-F) that is measured spectro-
photometrically (Packard et al., 1971). Martinez-Garcia et al. (2009)
adapted the INT method to provide measurements of in vivo rates during
short-term incubations and applied a conversion factor of 12.8 mol Oy
consumed per mol INT-F produced, although the accuracy of this
method has recently been called into question (Banos et al., 2020). The
in vivo INT method was employed at Station ALOHA to estimate mi-
crobial respiration in the mesopelagic zone (200-1000 m) during a 1-yr
period. Respiration rates varied with depth from an average of 107 umol
0, m 2 d ! in the upper mesopelagic zone (200-350 m) to 56 umol Oy
m~3 d’l, with a local maximum at 600-650 m (Martinez-Garcia, 2017),
similar to local P-ATP concentration peaks described earlier. Size frac-
tionation using Nuclepore® membranes revealed that the >0.8
um:0.2-0.8 um respiration ratio was ~1:1, suggesting an important role
for larger (HNA) bacteria, free-living protists, or particle-associated
microorganisms. Martinez-Garcia (2017) also reported seasonal varia-
tions in mesopelagic zone respiration, with higher summer rates asso-
ciated with higher euphotic zone primary production and particle
export, supporting the general model of Cho and Azam (1988) for
contemporaneous epipelagic and mesopelagic zone coupling. However,
the PC supply from the euphotic zone was not large enough to support
mesopelagic zone respiration without an additional subsidy, based on
the in vivo INT rate estimations. A similar imbalance was reported for
Station ALOHA between estimates of bacterial and zooplankton respi-
ration versus losses due to sinking POC (Steinberg et al., 2008). Their
results indicated that the demand for C was ~5-fold greater than that
supplied by particle export. The authors hypothesized that vertically
migrating mesozooplankton might provide an organic C subsidy to the
mesopelagic zone needed to sustain the estimated heterotrophic C de-
mands. From an energetic viewpoint, these results are difficult to
reconcile with our current understanding of trophodynamics. Sorokin
(1971) postulated that mesopelagic zone microbial processes may be
fueled not only by vertical fluxes of C and energy, but also by horizontal
processes that import C and energy from more productive regions. While
the importance of this horizontal transport hypothesis has been chal-
lenged (Banse, 1974), it cannot be rejected at this time.

At Station ALOHA, total depth-integrated P-ATP beneath the
euphotic zone (150-4800 m) exceeds P-ATP in the 0-150 m region of the
water column by ~25% (Tables 1 and 2). If we assume that primary
energy capture occurs exclusively in the euphotic zone via photosyn-
thesis, and that <10% of the photosynthetically-derived carbon and
energy is exported to the upper mesopelagic zone at 150 m (Grabowski
et al., 2019), this permanent, inverted depth distribution of biomass-C
based on measurements of P-ATP over a 30-yr period appears to be
enigmatic. There must be a corresponding decrease in biomass-C pro-
duction rate and total energy transformation with depth to sustain these
microbial biomass distributions, especially throughout the mesopelagic
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and bathypelagic zones. However, it has been reported that cell-specific
prokaryotic production in the North Atlantic Ocean, estimated by °H-
leucine incorporation, is approximately constant (range 15-58 fmol C
cell™! d71) throughout the water column to depths of 4000 m (Rein-
thaler et al., 2006). Based on estimated production and respiration rates
(by the ETS method), the prokaryotic carbon demand was two orders of
magnitude greater than the predicted (not measured) PC flux from the
euphotic zone at two open ocean sites in the North Atlantic Ocean
(Reinthaler et al., 2006). A similar, depth (0-900 m) invariant pattern of
biomass-C (based on P-ATP measurements) specific DNA synthesis using
3H-adenine incorporation (Karl and Knauer, 1984b; Winn and Karl,
1984) was also reported more than two decades earlier in the North
Pacific Ocean. A follow-on study confirmed that sinking PC contributed
only 4-12% of the estimated prokaryotic C demand, leading to conclude
that suspended particulate matter might be important in aphotic zone
nutrition, with chemolithoautotrophic fixation of CO, via oxidation of
reduced inorganic substrates serving to replenish the deep water PC
inventory (Baltar et al., 2010). However, net autotrophy in the meso-
pelagic and bathypelagic zones would require a supply of potential en-
ergy in the form of reduced substrates (e.g., ammonium, sulfide,
hydrogen), the so-called reduced inorganic detrital electron flux (Karl
and Knauer, 1984a). Since most reduced inorganic substances in the sea
ultimately derive from energy initially captured during photosynthesis,
the net production of organic carbon in the aphotic zone by the process
of chemolithoautotrophy would be constrained, thermodynamically, by
the coupled primary production - PC export processes. Extensive mea-
surements of PC export at Station ALOHA indicate that the euphotic
zone export ratio (e-ratio = PC export at 150 m + 0-150 m depth-
integrated 1*C-based primary production) are <0.1 year round (Karl
et al., 2003; Karl et al., 2021), and that the depth-dependent flux attri-
tion in the mesopelagic zone is positively related to the export measured
at 150 m (Church et al., 2021). Furthermore, the C supply versus C
demand balance may be exacerbated by the fact that the C-specific
enthalpy of organic matter decreases as particles age while sinking
(Grabowski et al., 2019). Although particles leaving the euphotic zone
were energy-replete based on measurements of C-normalized enthalpy
(45-50 J mg~! POC), those captured at 500 m were relatively energy-
depleted (~11 J mg’1 POC; Grabowski et al., 2019). The apparent
imbalance between aphotic zone metabolic demand, and the supply of
reduced carbon and energy may be reconciled purely by uncertainties in
current measurements and conversion factors, or by invoking additional
pathways and mechanisms of carbon and energy delivery to close the
regional budgets (Burd et al., 2010). Regardless, microbial processes in
the aphotic zone are fundamental to our understanding of the ocean’s
carbon cycle and, therefore, demand an improved understanding of
some of these most basic processes (Aristegui et al., 2009; Herndl and
Reinthaler, 2013).

5. Conclusions

In the sea, microorganisms are central to both the production and
consumption of ATP and, therefore, sustain the oceanic ATP cycle. ATP
provides the energy required for the metabolism and reproduction of
growing cells, as well as for maintenance of viable, but nongrowing
cells. ATP has such a central role in biology that Morowitz (1979) once
lamented “one of these days a poet will appear to honor the molecule of
ATP.” So we propose the following Haiku:

ocean ATP
microbial biomass
foundation of life.

We present an extensive, 30-yr data set on microbial biomass and
total PC at Station ALOHA in the NPSG. We observed an ~50-fold range
in microbial biomass from the surface ocean to the abyss with average
values of 8.3 mg C m™ to 0.1-0.2 mg C m ™3, respectively. We conclude
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that the majority (70-97%) of the suspended PC pool is nonliving,
regardless of season or depth. We document a large seasonal accumu-
lation of organic detritus in the euphotic zone (0-175 m) that resets each
winter. However, the PC:PN ratio of the bulk particulate matter pool
does not change and appears to be in stoichiometric equilibrium with
microbial biomass (C:N ~ 6.7) despite the large contributions of
nonliving PC. A relatively short (<3 months) spring bloom was observed
in the lower portion of the euphotic zone (125-150 m) during which
both P-ATP and PC accumulate as a result of net growth on nutrients
entrained into this region each winter. The mean water column in-
ventory (0-4800 m) of P-ATP is 7.9 mg mfz, of which 61% resides in
depths >100 m, and 22% in the bathypelagic zone (>1000 m). We also
present depth range-specific inventories of microbial biomass-C and
discuss their origins and sources of carbon and energy required to sus-
tain their distributions.

Finally, Deming et al. (1977) concluded that “the best interpretation
of ATP data from natural samples requires a thorough knowledge of the
microbial community structure and the environmental conditions,” so in
their opinion the ATP-biomass assay should be viewed as a comple-
mentary approach for understanding microbial processes in the marine
environment. We concur with this assessment and, through our efforts in
the HOT program, have endeavored to build a unique interdisciplinary
field program that is poised for discovery in a sea of opportunity.
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