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1. Introduction

ABSTRACT

Ectohydrolase activities of suspended microbiota were compared to those associated
with sinking particles (sed-POM) retrieved from sediment traps deployed in the
permanently anoxic Cariaco Basin. In shore-based assays, activities of aminopeptidase,
B-glucosidase, chitinase and alkaline phosphatase were measured in samples obtained
from oxic and anoxic depths using MUF- and MCA-labeled fluorogenic substrate analogs.
Hydrolysis potentials for these enzymes in the seston varied widely over the nine cruises
sampled (8 Nov 1996-3 May 2000) and among depths (15-1265 m); from <10 to over
1600nMd~! hydrolysate released, generally co-varying with one another and with
suspended particulate organic carbon (POC) and particulate nitrogen (PN). Hydrolytic
potentials, prokaryotic abundances and POC/PN concentrations in sinking debris were
400-1.3 x 107 times higher than in comparable volumes of seawater. However when
normalized to PN, hydrolytic potentials in sediment trap samples were not demonstrably
higher than in Niskin bottle samples. We estimate that PN pools in sediment trap
samples were turned over 2-1400 times (medians = 7-26x) slower by hydrolysis than
were suspended PN pools. Median prokaryotic growth rates (divisionsd~') in sinking
debris were also ~150 times slower than for bacterioplankton. Hydrolytic potentials in
surface oxic waters were generally faster than in underlying anoxic waters on a
volumetric basis (nM hydrolysated™!), but were not significantly (p>0.05) different
when normalized to PN or prokaryote abundances. Alkaline phosphatase was
consistently the most active ectohydrolase in both sample types, suggesting that Cariaco
Basin assemblages were adapted to decomposing phosphate esters in organic polymers.
However, phosphorus limitation was not evident from nutrient inventories in the water
column. Results support the hypothesis that efficiencies of polymer hydrolysis in anoxic
waters are not inherently lower than in oxic waters.

© 2009 Elsevier Ltd. All rights reserved.

transported from the epipelagic to the mesopelagic zone
and below (Alldredge and Silver, 1988; Simon et al., 2002).

Sinking particulate organic matter (POM) is believed to The efficiency with which POM is delivered to mesopela-

be the primary mechanism by which fixed carbon is
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gic depths determines how effectively the ‘Biological
Pump’ sequesters atmospheric CO, in the ocean’s interior
(Longhurst, 1991; Sarmiento et al., 2004). Sinking POM,
primarily macroaggregates and fecal pellets, is rare
relative to suspended POM, yet global fluxes of this pool
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may be on the order of ~10-16 GT C annually and
comparable to anthropogenic CO, emissions (Falkowski
et al., 2000; Boyd and Trull, 2007). Consequently, under-
standing the dynamics of sinking POM is pivotal to
oceanic carbon flux budgets.

Total POM pools (suspended+sinking) are much smal-
ler than those of dissolved organic matter (DOM). For
example, the long-term mean POM concentration in the
upper 100m at station ALOHA in the N. Pacific Central
Gyre is equivalent to about 2% of the local DOM pool (Karl,
1999; Hebel and Karl, 2001). However at this same
location, net annual production of POM and DOM are
nearly equal, 0.8-1.3 and 0.5-1.3molCm~2yr~}, respec-
tively (Emerson et al., 1997). Similar POM and DOM
production rates and the relatively small POM inventories
imply that these biogenic particles are far more dynamic
and mobile than DOM in the water column. While POM
distributions are affected by gravitational settling, >90%
of the POM produced in offshore euphotic zones is
decomposed in the upper 500 m of the water column,
the rate of which depends on physical regime, productiv-
ity and plankton community structure (Martin et al., 1987;
Michaels and Silver, 1988; Taylor and Karl, 1991;
Armstrong et al., 2002).

POM decomposition by disaggregation, dissolution and
remineralization is controlled by a variety of physical,
chemical and biological processes. However, microbial
decomposition and animal consumption are commonly
believed to dominate POM loss processes (Simon et al.,
2002). Paradoxical depth-dependent trends observed in
microbial distributions and growth suggest that sinking
particles themselves are not particularly productive
microhabitats, failing to directly support burgeoning
microbial assemblages as they age (Taylor et al., 1986;
Karl et al., 1988). Rather this biogenic debris seems to
support modest-sized assemblages of copiotrophic pro-
karyotes that digest away their habitat using ectohydro-
lases and thereby support a resident microbial loop,
complete with protozoa and viruses (Taylor et al., 1986,
2003a; Taylor, 1989; Simon et al., 2002). Inefficient
capture of low molecular weight hydrolysates by resident
microbial assemblages permits diffusion of polymers,
oligomers and monomers away from particle surfaces,
creating an organic-rich “detritosphere” around sus-
pended particles or organic-rich plumes trailing behind
sinking particles (Azam and Smith, 1991; Kierboe and
Jackson, 2001; Simon et al., 2002). Colloidal and dissolved
organic matter escaping into the detritosphere can be
further hydrolyzed by free prokaryotes, allowing trans-
membrane uptake of the released oligomers and mono-
mers. Smith et al. (1992) estimated that about 97% of the
hydrolysates produced diffuse away from aggregates
leaving only 3% behind for the aggregate residents to
utilize. These released materials apparently provide
sufficient energy and nutrients to support reasonable
growth rates of microheterotrophic assemblages through-
out the mesopelagic zone (Cho and Azam, 1988; Azam and
Long, 2001; Kierboe and Jackson, 2001).

SCUBA-collected macroaggregates and solid-water in-
terfaces are known to possess intensified levels of
hydrolysis for at least seven classes of polymers (Smith

et al., 1992; Karner and Herndl, 1992; Taylor and Gulnick,
1996). Presumably large individually collected particles
represent a portion of the sinking flux. To the best of our
knowledge, however, hydrolytic activity associated with
the entire sinking POM flux has only been directly
compared with contemporaneous planktonic activity from
shallow waters in an Arctic polynya (Vetter and Deming,
1994; Huston and Deming, 2002). In the present study, a
unique opportunity was provided by the CARIACO
Time Series Program to repeatedly assay freshly collected
sediment trap material from four depths (225-1205m)
contemporaneously with Niskin bottle samples for
leucine aminopeptidase (LAPase), chitinase (CHIase),
B-glucosidase (P-GLUase) and alkaline phosphatase
(APase) activities.

The CARIACO Time Series provides an excellent natural
laboratory for studying fluxes and transformations of
biogenic particles in neritic waters. Sustained upwelling
along the northern coast of Venezuela in January-May
produces an annual cycle oscillating between high and
low productivity with the plankton dominated by large
and small phytoplankters, respectively (Muller-Karger
et al, 2001; Goii et al., 2003). Furthermore, potential
trap biases imposed by hydrodynamic shear across trap
openings and invasion by “swimmers” are reduced in this
relatively quiescent, anoxic environment (Baker et al.,
1988; Gust et al., 1994; Steinberg et al., 1998). Nekton and
macrozooplankton are known to vertically migrate deep
into the Cariaco Basin’s sulfidic waters on a diel basis, but
their role in particle translation between layers and in
influencing trap collections are unknown (Baird et al.,
1973; Love et al., 2004).

While surface productivity over the Cariaco Basin is
similar to that of many coastal seas, the deeper waters are
permanently anoxic from >260m to the seabed
(<1400 m), which may affect POM delivery to the seabed.
Whether POM decomposition is significantly altered by
this >1km sulfidic layer is an open question. Hydrolysis
rates of polymers, and by extension particle disaggrega-
tion, can be accelerated by catalysis, extreme pH and
elevated temperatures, but the process does not require
dissolved O,. Therefore, lower hydrolysis rates are not
necessarily predicted for anoxic systems. On the other
hand, anaerobes are known to have a more limited
repertoire of useable substrates compared to aerobes
and they possess thermodynamically imposed lower
growth yields, so decomposition may be limited by
downstream processes. In this study, we compare for the
first time hydrolytic rates associated with suspended and
sinking POM in oxic and anoxic waters during upwelling
and relaxation periods.

2. Methods
2.1. Site description and sampling

The CARIACO time series station is located near the
center of the Cariaco Basin’s eastern sub-basin in almost
1400 m of water (10.50°N, 64.66°W). All results presented
are from this single site sampled between 8 Nov 96 and 3
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May 00 (Table 1). Water column sampling and sediment
trap servicing were conducted on separate cruise legs,
aboard the 23-m long R/V Hermano Gines, operated by
Estacion de Investigaciones Marinas (EDIMAR), Fundacion
la Salle de Ciencias Naturales, Margarita Island, Venezuela.
Water samples were collected with a SeaBird rosette
accommodating 12 TFE-lined, 8-1 Niskin bottles. For
hydrographic profiling, the rosette was equipped with a
SeaBird CTD, YSI oxygen probe, Chelsea Instruments
fluorometer for chlorophyll a estimates and Sea Tec
c-beam transmissometer (660nm). All samples were
withdrawn from Niskin bottles under a N, atmosphere
to prevent oxygenation [see Taylor et al. (2001) for
sampling details]. Samples for microbial abundances were
collected directly in 250-ml polyethylene bottles contain-
ing filtered, borate-buffered formaldehyde (2% final conc.),
and refrigerated. All samples used for biological rate
measurements were transferred from Niskin bottles to
HCl-washed 1-1 TFE-stoppered glass bottles and sealed
without headspace after overflowing ~1-2 volumes.
Samples for 3H-leucine uptake were dispensed from these
1-1 TFE-stoppered glass bottles under N, pressure and
assayed immediately onboard (described below). Because
space and time constraints precluded shipboard measure-
ments of ectohydrolase activity, separate 1-L samples
from selected depths were refrigerated (2-4 °C) in sealed
TFE-stoppered glass bottles, returned to the EDIMAR shore
laboratory and assayed within 24 h of collection. While
untested, we assume that chilling samples slowed
metabolism of mesophilic communities, preserved sub-
strates and nutrients, and that effects were fully reversible
upon returning samples to environmental temperatures.
Depths were selected to represent oxic, transitional
(redoxcline) and sulfidic waters as well as to coincide
with deployment depths of sediment traps (Table 1).

2.2. Dissolved O, and H,S

Continuous dissolved O, concentration profiles were
obtained from the rosette’s YSI electrode and validated
with discrete samples using standard Winkler titrations
after fixation of samples in the field (Aminot, 1983).
Samples for H,S were collected by syringe, avoiding
atmospheric contact, and immediately transferred to vials

Table 1

containing zinc chloride to form ZnS precipitates. ZnS was
derivatized and measured colorimetrically according to
Cline (1969).

2.3. Vertical flux of biogenic debris

The sediment trap mooring was located in the deepest
portion (~1400m) of the eastern basin (10°30'N,
64°40'W) and consisted of four automated traps posi-
tioned at depths of approximately 225, 405, 840 and
1205 m (Thunell et al., 2007). Traps have a 0.5 m? opening
at the top and 13 collection cups at the bottom, each
programmed to sequentially collect samples over 2 week
intervals. Prior to their 6-month deployments, collection
cups were filled with buffered formaldehyde (2% final
conc.) in filtered seawater to preserve accumulating
organic matter.

In four deployments, preservative was intentionally
omitted from the last cup in the series (cup 13) at each
depth (Table 1). These cups contained freshly filtered
(<0.22 um) seawater only. Cups collecting living material
over the 9-12 d immediately preceding trap retrieval were
subsampled after gentle mixing and placed in 44-ml septa
vials without headspace and refrigerated (2-4 °C). As with
water column samples, trap materials were assayed for
ectohydrolytic activity at the EDIMAR laboratory within
24 h of retrieval. Material remaining in the collection cups
was preserved with buffered formaldehyde (2% final
conc.), sealed, and refrigerated for subsequent elemental
analysis. Shortly after trap retrieval, water column
samples were obtained at the four trap depths using the
same collection and storage methods described above and
served as diluent for the live trap samples (see below).

2.4. Particulate C, N, and P analyses

Samples for suspended particulate organic carbon
(POC) and particulate nitrogen (PN) from Niskin bottles
were filtered through precombusted GF/F filters ship-
board. For preserved sediment trap samples, most of the
supernatant from each cup was discarded, along with all
obvious swimming organisms not considered part of the
passive particle flux. Samples were then split into quarters

Summary of dates and depths sampled for ectohydrolase activity associated with suspended (Niskin bottles) and sinking assemblages (sediment trap) at
the CARIACO time series station.

Cruise no. Niskin bottle Collections Sediment trap Collections

Date Depths sampled (m) Dates Depths sampled (m)
CAR-13 8 Nov 1996 15, 100, 220, 260, 320, 500 n.c.?
CAR-19 8 May 1997 15, 100, 220, 260, 320, 500 n.c.
CAR-25 14 Nov 1997 15, 100, 310, 350 23 Oct-3 Nov 1997 225, 405, 840, 1205
CAR-29 10 Mar 1998 15, 100, 255, 330, 1200 n.c.
CAR-32 7 Jul 1998 15, 320, 450, 900, 1265 n.c.
CAR-36 7 Nov 1998 15, 315, 341, 360, 451, 946 n.c.
CAR-42 8 May 1999 35, 250, 305, 435, 900, 1225 24 Apr-3 May 1999 225, 405, 840, 1205
CAR-48 7 Nov 1999 235, 275, 455, 930, 1225 21 Oct-2 Nov 1999 225, 405, 840, 1205
CAR-54 3 May 2000 35, 260, 455, 930, 1225 20 Apr-2 May 2000 225, 405, 840, 1205

Sediment trap dates correspond to time interval beginning when unpoisoned collection cups opened and ending with trap retrieval.
4 n.c., unpoisoned samples not collected during this period.
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using a precision rotary splitter. The quarter sample used
for analysis was rinsed with deionized water a total of
three times, frozen, dried, and ground (Thunell et al.,
2000; Goii et al., 2003). POC and PN analyses were
conducted according to the methods described in Thunell
et al. (2000).

Total particulate (TPP) and particulate inorganic (PIP)
phosphorus were measured using an adaptation of the
Aspila method (Aspila et al., 1976) as described in Benitez-
Nelson et al. (2007). Particulate organic P (POP) is
estimated by difference (TPP-PIP). As such, each fraction
is operationally defined and the PIP fraction may contain
some acid-labile organic P-containing molecules, such as
simple sugars, whereas the POP may contain inorganic
compounds, such as pyrophosphates (Benitez-Nelson,
2000).

2.5. Preparation of model substrates

Fluorogenic substrate analogs were selected to assay
activities of ectohydrolases acting on five major classes of
macromolecules present in natural waters; leucine-
methylcoumarinylamide for proteins, methylumbelliferyl
B-p-glucoside for cellulose, MUF-N-acetyl-f3-p-glucosaminide
for chitin, MUF-palmitate for lipids, and MUF-phosphate
for phosphate-bearing organics. Results from MUF-
palmitate assays were unreliable for reasons discussed
in Taylor et al. (2003b) and are therefore not presented
here. Solutions (500uM) of substrate analogs were
prepared in 10:1 sterile water:methylcellosolve solutions
to promote complete dissolution (Hoppe, 1993). Methyl-
cellosolve was omitted from MUF-phosphate, which
readily dissolved in water alone. Effects of methylcello-
solve on enzymatic activities and plankton growth have
been tested previously and appear to be negligible
(Hoppe, 1983; Taylor, unpubl. data). Working solutions
were stored frozen, thawed just prior to use and purged
with N, to remove dissolved O,.

2.6. Ectohydrolase activity assays

In order to maintain ambient redox conditions in
sediment trap samples, unpoisoned 44-ml concentrates
from each collection cup were diluted into unfiltered
seawater retrieved from trap depths by transferring sample
to 1-1 transfer bottles using a 60cm> syringe and Tygon
tubing. Subsequently, both unaltered seawater samples and
diluted sediment trap samples were dispensed under N,
pressure from stoppered transfer bottles into acid-washed,
32-ml septa vials and sealed with laminated TFE-butyl
rubber septa (Pierce Inc.) without headspace after over-
flowing. Care was taken to agitate transfer bottles during
dispensing to minimize variability among subsamples. For
all samples, 0.2 ml aliquots of 2-5 individual fluorogenic
analogs were syringe-injected into separate septa vials.
Samples were incubated in darkened water baths and
maintained at in situ temperatures; 17-18°C for deep
samples and 24-27 °C for shallow samples (<250 m).

To test linearity of hydrolysis reactions, time courses
were initially conducted using water column samples

from 15 m (typically most active depth), and rates were
found to be constant for at least 15h (not presented).
Subsequent assays were end point experiments lasting
from 6 to 14 h, consisting of Ty, T, and poisoned (0.5 ml
sat’d. HgCl, solution) samples. To avoid artifacts caused by
varying redox conditions, vials were not subsampled
through time. In all experiments, each point represents
either a single sacrificed 32-ml sample or mean of
duplicates. Variations between duplicate vials were low,
always yielding ranges <5% of the mean and analytical
variation among multiple subsamples was <1%.

We were unable to conduct kinetics experiments with
a range of analog concentrations as suggested by Hoppe
(1993) because of the number and volume of samples
required to maintain in situ redox conditions. The final
3.1uM analog concentration was chosen based on the
need to inject small volumes of the analog working stock
into samples. This concentration approximates that
employed by Karner and Herndl (1992) to derive hydro-
lytic rates of LAPase and o- and B-GLUase in concentrated
marine snow samples. In the present study, substrate
depletion was never apparent in either seawater or diluted
sediment trap samples, because median turnover rates for
each tracer varied between 0.43 and 2.2%d~! based on
fluorescent hydrolysate production and the maximum
never exceeded 69%d~" in the 323 samples analyzed.

Fluorescence was measured on a Shimadzu RF-551
Fluorescence HPLC monitor. To calibrate fluorescence
response and compensate for varying background fluor-
escence among samples, 20 pl internal standards of 5 pM
MUF or MCA (free fluorochrome) were repetitively added
to appropriate samples during each run of measurements.
Standard addition calibration curves were generated for
both fluorochromes (MUF and MCA) by regressing
fluorochrome concentrations added against fluorescent
yield and the slope was used to compute concentration
from fluorescence. Ectoenzyme activities are expressed as
hydrolysate production rates (%hydrolysated—!) and
calculated by dividing fluorochrome production between
T, and Ty by incubation time (x) and analog concentration
(3.1 uM). Values were corrected for abiotic hydrolysis by
subtracting fluorochrome production in Hg-killed controls
for each analog. Rates represent potential, rather than in
situ rates, because ambient polymeric substrate and total
hydrolysate concentrations required for such calculations
were not measured. In sediment trap assays, rates were
corrected for the seawater diluent contributions on a
case by case basis; median activity in diluents was only
~3% of total measured hydrolytic activity (range = 0-85%;
n=32).

2.7. Microbial abundances and activity

For Niskin bottle samples, standard DAPI-stained slides
were prepared by vortex-mixing preserved whole water
and capturing cells on dark 0.2 um Poretics™ polycarbo-
nate membranes for enumeration of prokaryotes by
epifluorescence microscopy (Porter and Feig, 1980). Pre-
served sediment trap subsamples were processed as
described in Taylor et al. (2003a). Briefly, aliquots from
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vigorously stirred samples were diluted 100-fold with 2%
buffered formaldehyde in seawater. Diluted samples were
sonicated for 20 min in a Bransonic Model 5200 ultrasonic
bath to dislodge cells from particles. Methods optimiza-
tion experiments demonstrated that this treatment did
not detectably reduce recovery of fluorescent bacterio-
plankton in seawater samples. Sonicated suspensions
were further diluted approximately 10-fold in particle-
free seawater or 1 mM saline tetrasodium pyrophosphate
buffer (35gL~! NaCl) within the 25 mm diameter filtra-
tion funnels prior to staining. Previous experience demon-
strated that dislodging and dispersing cells from particles
did not vary between seawater or pyrophosphate buffers,
ranging in strength from 0.5 to 9 mM. From this point,
protocols for enumeration of prokaryotes were the same
as described for Niskin bottle samples. For all samples, a
minimum of 300 individuals and 10 random fields were
enumerated. Prokaryotic C biomass was determined
microscopically as previously described (Taylor et al.,
2006). Detection efficiency of particle-associated prokar-
yotes by our methods is certainly less than 100% and
probably varied among samples. Available data and
methods are inadequate to calculate effective recoveries.

In the CARIACO Program, we routinely estimate
bacterial net production (BNP) from incorporation of
3H-leucine into protein (Kirchman, 1993). Briefly, tripli-
cate samples from each depth were dispensed into 44-ml
septa vials, immediately spiked with 50 pl of N,-purged
3H-leucine (10nM final conc.; L-(4,5->H(N))-leu; 52Ci
mmol~'), and incubated shipboard at ambient tempera-
ture in darkness in water baths for 8-12h. Following
incubation, samples were fixed and processed as de-
scribed in Taylor et al. (2001). The live dilute sediment
trap samples were subjected to this same assay in parallel
with ectohydrolase assays at the EDIMAR lab. BNP was
estimated using a conversion factor of 3.1 kgCmol~! of
leucine incorporated (Kirchman, 1993). Specific growth
rates (divisionsd~!) were estimated by dividing BNP by
prokaryotic C biomass.

2.8. Primary production

Chlorophyll a (Chl a) concentrations were measured in
methanol-extracted samples collected from eight depths
in the upper 100 m. Net primary productivity (NPP) was
measured at the same depths using the “C-bicarbonate
method and in situ incubations. Details of both methods
appear in Muller-Karger et al. (2001). Values integrated
over the upper 100 m are used for statistical comparisons.

2.9. Major nutrients analyses

Nutrient samples (ammonium, nitrite, nitrate, and
phosphate) are routinely collected as part of the CARIACO
time series, methods of which are described in detail in
Scranton et al. (2006). Briefly, samples were filtered
through a 0.8um glass fiber filter into clear 60 ml
polycarbonate bottles and frozen within minutes of
collection. After transport back to the laboratory, samples
were analyzed using an ALPKEM RFA II nutrient auto-

analyzer following the recommendations of Gordon et al.
(1993) for nitrate, nitrite, phosphate, and silicate analysis
and standard techniques described by Strickland and
Parsons (1972). Detection limits were: 0.07uM for
ammonium, 0.02puM for nitrite, 0.06 UM for nitrate,
and 0.03 uM for phosphate. Precision of triplicate mea-
surements were about +5% for concentrations greater
than 1 pM.

2.10. Statistics

Least squares regressions, Mann-Whitney rank sum
test, Kruskal-Wallis one-way ANOVA, Dunn’s multiple
pair-wise comparisons and Pearson product-moment
correlations were performed with SigmaPlot 10.0 and
SigmaStat 3.5 (SPSS). For correlation tables, the group-
wide type-I error rate (the probability that significant
correlations arose by chance alone) was evaluated using
the sequential Bonferroni test and a table-wide signifi-
cance level, o, of 0.05 to yield conservative estimates of
significance (Rice, 1989).

3. Results
3.1. Water column conditions

Seston samples were collected every 3-6 months
between November 1996 and May 2000 to profile ectohy-
drolase activities during upwelling and relaxation periods.
Our sampling program included primary productivities
varying from 38 to 276 mmolCm~2d~! (0.5-3.3gCm2d™ )
and phytoplankton standing stocks of 19-126 mgChl am ™2,
but only captured one major upwelling event in March
1998 (Fig. 1). Levels of NPP and Chl a measured
throughout the photic zone (eight depths) were not
statistically different among the nine sampling dates
(p>0.8 and p>0.3, respectively; Kruskal-Wallis one-way
ANOVA). Among the four sediment trap deployments
sampled, POC and PN fluxes to the 225m traps
varied between upwelling and non-upwelling seasonal
from 1.8 to 5.5mmolCm~2d~! (20-660mgCm2d~")
and 0.2-0.7mmolNm~—2d~! (2.4-84mgNm2d '), re-
spectively (Fig. 1).

During all cruises, Chl a approached detection limits
below 80m and subsurface maxima were frequently
observed between 25 and 55m (Fig. 2A). For clarity’s
sake, only data from cruises for which sediment trap
samples were available are presented in Fig. 2 and are
representative of all nine cruises. Prokaryotic biomass
tended to have bimodal distributions with maxima in
the photic zone and within the redoxcline on most dates
(Fig. 2B). Seston, which also includes microbiota and is
measured as POC and PN, was usually most abundant in
the upper 80m, but secondary midwater enrichments
were also evident at or near the O,/H,S interface (Figs. 2B,
C). Among all seston samples, POC and PN concentrations
varied from 1.3 to 59 pM C, and 0.01 to 4.0 uM N, and were
highly correlated with one another (r = 0.87, p<0.0001)
(Table 2). Because PN pools generally appear to be more
labile and are remineralized faster than POC pools,
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Fig. 1. Monthly rates of net primary production (NPP) and POC flux to
the 225 m sediment traps (trap flux) and phytoplankton standing stock
as integrated chlorophyll a (Chl a) inventories at the CARIACO time series
station. Photic zone integrations are from 0 to 100 m. Solid symbols and
arrows denote sampling dates of water column and sediment traps,
respectively.
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Fig. 2. Vertical profiles of Chl a (A), prokaryotic biomass (B), and
particulate nitrogen, PN (C) concentrations as well as PN fluxes to
sediment traps (D) obtained from cruises when both suspended and
sinking particles were assayed for ectohydrolytic activity. Shaded
horizontal band represents depth range of O, disappearance during
these cruises to station CARIACO. “U” and “R” after cruise numbers
signify upwelling and relaxation periods, respectively.

subsequent discussion will focus on PN pools. Sestonic PN
concentrations were significantly correlated (p<0.001)
with Chl a concentrations and prokaryotic biomass in the
upper 100 m; r = 0.76 for both. One-way ANOVAs suggest
that vertical distributions of prokaryotes and PN varied
significantly among the cruises; p<0.05 and p<0.005,
respectively. This outcome is largely influenced by CAR-19
and CAR-25 supporting significantly lower inventories
than the other seven cruises.

Two patterns of vertical PN flux were observed; the
typical power function decay evident during CAR-25 and
CAR-48 and a unimodal pattern evident during CAR-42
and CAR-54 (Fig. 2D). While PN (and POC) fluxes to all four
depths were not statistically different among the four
deployments (p>0.1), the power of this statistic is quite
low due to small sample size.

3.2. Vertical distributions of ectohydrolase activity

During eight of the nine sampling periods, a distinct
interface was evident where concentrations of O, and H,S

both fell below detection limits at the same depth (e.g.,
Fig. 3A), the depth of which varied between 260 and
350 m. A suboxic zone was evident during CAR-48 (7 Nov
99), where O, was detectable above 255m and H,S
appeared below 295 m (Fig. 3B). Potential ectohydrolytic
rates (%hydrolysate d~!) in Niskin bottle samples tended
to be highest in surface waters and lower in deeper
waters, with profiles commonly resembling those ob-
served for the 6 May 99 (CAR-42) cruise (Fig. 3A).
Activities of selected ectohydrolases either varied little
with depth or exhibited maxima in sulfidic waters, such as
observed for APase during CAR-48 (Fig. 3B). However,
these variations in activity do not appear to be explained
by seasonality. Although POC concentrations and C/N
ratios were slightly higher (p<0.001; ANOVA) during
upwelling collections, ectohydrolase activities, PN con-
centrations and all other biotic variables were not
statistically higher than in non-upwelling collections
(p>0.05; ANOVA).

Hydrolysis rates associated with trap collections are
not easily compared to rates measured on suspended
material collected by Niskin bottles. Rates obtained from
trap materials were corrected for activity in the seawater
used to dilute them, then multiplied by a dilution factor
(22.7 =1000/44) to yield “equivalent” volumetric rates
(%hydrolysated™') for the material in the collection cups
1d after retrieval. This approach is internally consistent
among all trap samples. However, it does not account for
the fact that the traps collect particles settling through a
cross-sectional collection area (0.5m?), the fact that
particles are diluted by sterile seawater in the collection
cups nor the fact that collection takes place over a 9-12d
period. This estimation method also disregards the fact
that materials that entered the traps at the start of the
collection period are probably less labile at the time of the
assays than those that entered just prior to trap retrieval.
These constraints are addressed in more detail below.

Like PN flux (Fig. 2D), two ectohydrolytic activity
patterns were exhibited in our sediment trap collections.
During CAR-42 and CAR-54, both upwelling periods,
samples from the 405 m trap exhibited higher activities
for all four ectohydrolases than samples retrieved from
the 225m trap or the deeper traps (e.g., Fig. 4A). In
contrast, during CAR-25 and CAR-48, both during relaxa-
tion periods, samples from the shallowest trap exhibited
the highest activity and ectohydrolase activities were
generally diminished at depth (e.g., Fig. 4B).

3.3. Ectohydrolase activities and environmental variables

Potential rates of LAPase, CHIlase, and APase were
strongly correlated with POC and PN concentrations in
Niskin bottle samples, while those of B-GLUase were not
(Table 2). C/N atomic ratios in seston varied from 3.8 to
16.4, averaged 8.9, and did not vary predictably with
depth. LAPase activity was the only variable correlating
with the sestonic C/N ratio, although weakly (r = —0.31,
p<0.05) (not presented). We note that particulate phos-
phorus was not measured in Niskin bottle samples. LAPase
and CHIase activities covaried with concentrations of Chl a
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Table 2
Pearson product-moment correlation matrix comparing potential ectohydrolase activities (% hydrolysate—d~') with relevant bulk chemical and
microbiological variables in seston samples throughout the water column.

PN NPP Chl a [prokary] BNP LAPase CHIlase B-GLUase  APase PO~ DIN
(WMN)  (g€m2d"") (mgm?) (#L) (uMcd)  (%d) (%d")  (%d") (%d™")  (uM) (nM)
POC 0.87*** 0.82* 0.85** 0.67*** 0.87*** 0.53*** 0.54*** Ns 0.48** —0.56"** ns
(48) 9) (9) (48) (32) (48) (42) (48) (31) (32) (40)
PN 0.77* 0.74* 0.76*** 0.95*** 0.66*** 0.61*** ns 0.47** —0.61*** ns
(9) (9) (48) (32) (48) (42) (48) (31) (32) (40)
NPP 0.87** ns 0.94** 0.75* 0.84* ns ns ns ns
(9) (9) (9) (9) (8) (9) (6) (8) (8)
Chl a ns 0.94** 0.67* 0.96" ns ns ns ns
(9) (9) (9) (8) (9) (6) (8) (8)
[prokary] 0.73*** 0.53*** 0.39* ns 0.38* -0.73***  -0.54**
(32) (48) (42) (48) (31) (32) (40)
BNP 0.72*** 0.74*** ns ns —0.60* ns
(32) (26) (32) (15) (16) (24)
LAPase 0.89*** 0.45** 0.51** —0.68"** -0.32*
(42) (48) (31) (32) (40)
CHlase ns ns —0.52** ns
(42) (31) (32) (40)
B- 0.61***  —047 ns
GLUase (31) (32) (40)
APase -0.58"* ns
(32) 31)
PO;~ 0.59***
(32)

Statistical significance presented as follows: ***p-values <0.0001; **p <0.005; *p<0.05; ns = p>0.05 (not significant). Boldface correlations are those
passing sequential Bonferroni test, indicating that correlations are highly significant and unlikely to have arisen by chance alone (group-wide type-I
error). Numbers of samples compared are presented in parentheses. Photic zone assumed to be well-mixed, thus integrated NPP and Chl a are compared
to PO3~ and DIN concentrations at base (100 m) and with shallow ectohydrolase activities at discrete depths.
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Fig. 3. Vertical profiles of potential ectohydrolytic activities (bars) in seston and concentrations of dissolved O, and hydrogen sulfide (H,S = shaded area).
Activities expressed as first-order rate constant, i.e., hydrolysate production rate divided by total analog added (3.1 uM). Samples in panels A and B were
collected during the 8 May '99 (CAR-42) and 7 Nov '99 (CAR-48) cruises, which represent upwelling and relaxation periods, respectively. All samples were
assayed at the shore-based laboratory one day after retrieval. Negative hydrolysis rates denote samples below detection limits.

and prokaryotes and with rates of net primary production not found, but this may be because the quality and
and BNP. While B-GLUase and APase were not consistently availability of DOC data during these cruises were inade-
correlated with these variables, they did covary with one quate for robust statistical comparisons (not presented).

another. Correlations between dissolved organic carbon In contrast to seston samples, activity potentials of all

(DOC) concentrations and ectohydrolase activities were four ectohydrolases appeared to strongly covary with POC
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Fig. 4. Potential ectohydrolytic activities (bars) associated with sinking particles. Activities expressed as first-order rate constants corrected for sample
dilution during incubations, i.e., observed % hydrolysate d~! x 22.7. Samples in panels A and B were collected over intervals of 24 Apr-3 May '99 and 21
Oct-2 Nov '99, immediately preceding CAR-42 and CAR-48 cruises, respectively (Fig. 3). All samples were assayed at the shore-based laboratory one day
after retrieval. Negative hydrolysis rates denote samples below detection limits.

Table 3

Pearson product-moment correlation matrix comparing potential ectohydrolase activities (%hydrolysated~') with relevant bulk chemical and

microbiological variables in sediment trap samples.

PN (uMN) PIP (uMP) POP (uMP) [prokary] (#1°') BNP (uMCd!)

LAPase (%d~!) CHIlase (%d~') B-GLUase (%d~') APase (%d')

POC 0.98*** —0.58* -0.62* 0.56* ns
(16) (14) (14) (16) (8)
PN -0.59* -0.62* 0.56* ns
(14) (14) (16) (8)
PIP ns ns ns
(14) (14) (14)
POP ns 0.88*
(14) (7)
[prokary] ns
(8)
BNP
LAPase
CHlase
B-GLUase

0.92*** 0.64* 0.76** 0.84**
(16) (16) (16) (12)
0.89*** 0.66* 0.72** 0.76**
(16) (16) (16) (12)
—0.54* ns —0.54* ns
(14) (14) (14) (14)
-0.53* ns ns ns
(14) (14) (14) (14)
ns 0.67** ns ns
(16) (16) (16) (12)
ns 0.74* ns ns
(16) (8) (16) (12)
0.57* 0.85*** 0.91***
(16) (16) (12)
ns 0.64*
(16) (12)
0.90***
(12)

Statistical significances presented as in Table 2. Numbers of samples compared are presented in parentheses.

and PN concentrations in trap collection cups (Table 3).
C/N atomic ratios in sed-POM were generally lower than
for seston, varying unpredictably with depth from 3.6 to
8.8, and averaging 6.9. LAPase and APase potentials were
the only biotic variables that correlated with C/N ratios in
sed-POM, r=0.51 and 0.69 (p<0.05), respectively (not
presented). Unlike seston samples, only CHlase was
positively correlated with prokaryotic abundances and
BNP. The lower number of trap samples undermines
confidence in some of these correlations, as suggested by
the Bonferroni test, but the trends are clear. Patterns of
ectohydrolytic activity and C/N ratios suggest that poly-

mer composition differed between suspended and sinking
pools. Furthermore, the comparatively weak relationships
between enzyme activity and prokaryotic abundance in
trap material indicate that cell-specific ectohydrolase
activities within microbial assemblages varied sharply
among samples.

3.4. Normalized ectohydrolase activities

On the presumption that compounds contributing to
particulate nitrogen pools are more biologically labile
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than the total particulate organic carbon pool, we normal-
ized potential hydrolysate production rates (nM hydro-
lysated™!) by PN, which permits direct comparisons of
hydrolytic activity between seston and sinking debris. As
an example, LAPase activity calculated in this manner
yields potential release rates of free leucine per unit of
particulate nitrogen (Fig. 5). Because prokaryotic biomass
covaried with PN (Tables 2 and 3), normalizing activities
by prokaryotic biomass or cell number did not signifi-
cantly alter observed patterns (not presented). However,
we prefer to normalize by PN, because proportions of cells
expressing a specific ectohydrolase and relative activities
among competent cells are likely to vary widely among
samples and the calculation implies uniformity. In order
to compare ectohydrolase activities within similar bio-

G.T. Taylor et al. / Deep-Sea Research I 56 (2009) 1266-1283

geochemical zones among cruises, sample depths in
Figs. 5-8 are expressed relative to disappearance of O,
because position of the O,/H,S interface and redoxcline
shifted temporally.

In five of the nine cruises where LAPase activity was
measured in seston, PN-specific hydrolysis potentials
were as high as 50-300 (mmolleu) (molPN)"'d~! in
surface waters and were usually lower at depth, approach-
ing detection limits (Fig. 5A). CAR-29 and CAR-36 were
exceptions, where potential rates across the interface
appeared to be higher than at depths above or below. A
different pattern was observed during CAR-13 and CAR-19,
where PN-specific potentials in samples from 150m
above the interface were higher than in shallower or
deeper samples (560-670 compared to 40-300 (mmol leu)

(mmol leu) (mol PN)’1 d’
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Fig. 5. Depth profiles of PN-normalized leucine production resulting from leu-aminopeptidase (LAPase) activity in Niskin bottle (A) and sediment trap
(B) samples relative to the disappearance depth of O, (horizontal line) for all collections. “U” and “R” after cruise numbers signify upwelling and

relaxation periods, respectively.
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Fig. 6. Depth profiles of PN-normalized n-acetylglucosamine (NAG) production resulting from chitinase (CHlase) activity in Niskin bottle (A) and
sediment trap (B) samples relative to the disappearance depth of O, (horizontal line) from same samples presented in Fig. 5.
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Fig. 7. Depth profiles of PN-normalized glucose production resulting from B-glucosidase ($-GLUase) activities in Niskin bottle (A) and sediment trap
(B) samples relative to the disappearance depth of O, (horizontal line) from same samples presented in Fig. 5.
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Fig. 8. Depth profiles of PN-normalized phosphate production resulting from alkaline phosphatase (APase) activities in Niskin bottle (A) and sediment
trap (B) samples relative to the disappearance depth of O, (horizontal line) from same samples presented in Fig. 5.

(mol PN)~'d~") and specific rates increased again below
the interface. These alternative LAPase activity patterns
bear no obvious relationship to upwelling or productivity.
For example, even though primary productivities during
CAR-13 and CAR-19 were relatively high, 150 and
208 mmol Cm~2d~!, they were not the highest in our
data set. Furthermore, upwelling and relaxation periods
could exhibit the same pattern, e.g., CAR-19 vs CAR-13 or
CAR-29 vs CAR-36 (Fig. 5A).

In the four available sediment trap data sets, the PN-
specific potentials (Fig. 5B) exhibited the same two depth-
related patterns observed for bulk rates (Fig. 4). During
relaxation periods (CAR-25 and 48), specific rates were
modest in shallow, oxic collections (225 m), varying from
0.7 to 1.6 (mmolleu) (molPN)~'d~!, and were near
detection limits in deeper, anoxic traps (Fig. 5B). During
upwelling periods (CAR-42 and 54), specific rates in trap

material collected below the interface (405 m) were more
than double those observed in 225m traps and lower
rates were observed in deeper traps (Fig. 5B). We interpret
the first pattern, which resembles the dominant pattern in
the seston, as resulting from decomposition of euphotic
zone-derived proteins, while the second pattern suggests
a community response to inputs of fresh protein below
the 225 m trap.

PN-specific CHlase potentials, i.e., n-acetyl-glucosamine
(NAG) production rates, were below detection limits in
>40% of our seston assays (Fig. 6A). In six of the eight
cruises assayed, PN-specific CHlase potentials in the water
column decreased by 2-30-fold from surface waters to
depth. During CAR-19 and CAR-25, however, CHlase
activities exhibited subsurface maxima, decreasing to-
ward the interface, then increasing below it. Unlike CAR-
25, CHIase and LAPase activity profiles for CAR-19 were
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very similar (Figs. 5A and 6A). In sinking debris, specific
CHIase rates varied unpredictably with depth, sometimes
exhibiting relatively high values at depth (Fig. 6B).
Variations in PN-specific CHlase activity patterns for
seston and sinking particles do not correspond to
productivity or upwelling status.

In nearly half the seston profiles, PN-normalized
B-glucosidase potentials exhibited subsurface maxima in
the oxic layer, decreased toward the interface, then
increased below it (Fig. 7A). In the remainder of profiles,
B-GLUase activities were highest in the photic zone,
attaining potentials as high as 1560 (mmolglu) (mol
PN)~'d~!, and declined at depth. B-GLUase activities in
the shallowest traps varied from undetectable to 0.14
(mmolglu) (molPN)~'d~! during relaxation periods
(CAR-25 and 48) and between 0.25 and 0.55 (mmol glu)
(molPN)~'d~! during upwelling (CAR-42 and 54)
(Fig. 7B). However, these activities did not directly
correlate with primary production measured during the
same period. B-GLUase activity was undetectable in all
CAR-48 trap samples. During CAR-42, the 405m trap
material produced the highest B-GLUase activities. In
general, specific B-GLUase rates in sinking debris de-
creased with depth, approaching detection limits any-
where from 150 to 900 m below the interface, depending
on activities apparent in shallowest traps.

Generally, PN-specific APase potentials in seston
samples varied less with depth than any of the other
three ectohydrolases (Fig. 8A). APase potentials in these
samples ranged from undetectable to 285 (mmol PO3")
(molPN)~'d~! with no consistent pattern relating to
depth or plankton productivity. In contrast, a consistent
pattern was evident in sediment trap samples (Fig. 8B),
with APase activity generally increasing with depth in
sinking debris relative to PN pools. Samples from 840 m
traps repeatedly had lower than expected rates based on
apparent trend lines. Consistent with the other three
ectohydrolases, PN-normalized APase potentials in all trap
material were significantly lower than contempora-
neously collected seston samples (p<0.001; ANOVA).

4. Discussion
4.1. Oxic versus anoxic decomposition

Whether water column anoxia in the present or
geologic past promotes higher preservation efficiencies
for sinking POM remains controversial (see Deuser, 1975;
Demaison and Moore, 1980; Calvert et al., 1991; Lee, 1992;
Thunell et al., 2000). As in open waters, factors controlling
decomposition of particles suspended or falling through
anoxic waters are critical in determining carbon seques-
tration and preservation efficiencies at the seafloor. Our
experiments allowed direct comparison of ectohydrolytic
activities among aerobic and truly anaerobic planktonic
assemblages fueled by materials of the same provenance.
In the closest example of which we are aware, hydrolysis
rates of LAPase, B-GLUase and APase were not detectably
altered within the oxygen minimum zone (<0.1 mg0,1~1)
of the Arabian Sea relative to waters above and below

(Hoppe and Ullrich, 1999). Hoppe et al. (1990) demon-
strated that subjecting aerobic assemblages to sulfidic
conditions can depress apparent ectohydrolytic activity.
However, this effect was probably indicative of down-
stream metabolic responses of aerobes in the original
sample subjected to reducing conditions, rather than
indicative of intrinsic differences in ectohydrolase func-
tionality in oxic and euxinic systems. In the present study,
pair-wise comparisons (ANOVA) of oxic and anoxic
samples failed to demonstrate statistical differences
attributable to presence or absence of dissolved oxygen
for any of the ectohydrolases (Fig. 9). Relationships
between oxic and anoxic hydrolytic rates were also very
similar when normalized to prokaryotic abundance or
biomass (not presented). Our sediment trap sample size is
insufficient to statistically test for activity differences
between sed-POM in oxic (225 m only) and anoxic traps
(=405m).

The absence of demonstrable quantitative differences
between specific hydrolytic potentials in oxic and anoxic
data sets is interesting for two reasons. First, heterotrophs
living below Cariaco Basin’s O,/H,S interface have non-
trivial energetic constraints: labile substrates and oxi-
dants appear to be in short supply. In the absence of O,
NO3, and NO3, organisms can ferment susceptible sub-
strates, respire sulfate or oxides of Mn and Fe. Competitive
inhibition experiments have suggested that sulfate reduc-
tion rates are quite slow in the Cariaco Basin's water
column (Ho et al,, 2002) and little is known about the
importance alternate respiratory pathways or fermenta-
tion in this system. The second consideration is that
aerobic assemblages are living in water that is generally
~9°C warmer than the anaerobes that inhabit the
constant 17.5°C anoxic environment. Bacterioplankton
metabolism is believed to possess Qio responses lying
between 2 and 3 (Shiah et al, 2000). For Arctic
bacterioplankton, Qo responses of several ectohydrolases
were observed to vary between 1 and 8 (Vetter and
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Fig. 9. Activity potentials of LAPase, CHlase, B-GLUase, and APase and
growth rates of heterotrophic prokaryotes in Niskin bottle collections
from oxic and anoxic waters during nine cruises. Ectohydrolase rates are
normalized by PN concentrations. Specific growth rate = prokaryotic
carbon production (*H-leucine technique) divided by prokaryotic carbon
biomass to yield mean biomass turnover. Boxes enclose the 25th-75th
percentiles of all observations, lines within boxes represent medians,
error bars enclose 10th-90th percentiles and circles represent the
5th-95th percentiles. Sample sizes (n) are associated with each bar.
Significant differences determined by ANOVA and Dunn’s multiple pair-
wise comparisons are denoted as * (p<0.05) and ** (p<0.001).
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Deming, 1994). We have observed that Qo ratios for
LAPase activity in temperate bacterioplankton assem-
blages lie between 2 and 5 (unpubl. data). Therefore, the
slightly lower activities observed for most ectohydrolases
in deep anaerobic assemblages may reflect a temperature
response more than anoxia effects. If held at the same
temperature as surface aerobic assemblages (25-27 °C),
activities of deep anaerobic assemblages could be nearly
2-3-fold higher than observed, thereby exceeding those
measured for aerobes. We conclude that anoxia does not
directly hamper polymer hydrolysis by resident microbial
assemblages. Therefore, impediments to organic matter
remineralization imposed by anoxia on prokaryotes must
act at the membrane or intracellular levels, meaning
expression of appropriate transporters and catabolic
pathways, or availability of oxidants.

In contrast to hydrolytic activity, prokaryotic-specific
growth rates were significantly lower (p <0.001) in anoxic
than oxic waters (Fig. 9). The apparent disconnect
between ectohydrolytic activities and depressed prokar-
yotic growth suggests that some classes of released
monomers and oligomers (substrates) may accumulate
in anoxic waters faster than they can be metabolized.
Alternatively, oxic—anoxic differences in growth may be a
methodological artifact of BNP measurements. If fewer
anaerobes are capable of 3H-leucine uptake than aerobes,
then growth rate estimates will be biased towards
aerobes. At single oxic and anoxic depths in the Cariaco
Basin, Lee (1992) observed that several radiolabeled
substrates, including an amino acid mix, were assimilated
at similar rates, but turned over more slowly in anoxic
waters. At a single depth in the Cariaco Basin’s redoxcline
(270m), Lin et al. (2007) observed that only 30% of the
prokaryotic assemblage incorporated 3H-leucine with
entire proteobacterial classes exhibiting no >H-leucine
uptake. However, we are unaware of any studies specifi-
cally demonstrating systematic differences in *H-leucine
uptake between aerobes and anaerobes. The relatively low
growth rates estimated for both aerobic and anaerobic
assemblages in this study suggest that large fractions of
both planktonic assemblages are either not growing or are
incapable of 3H-leucine uptake.

4.2. Seston versus sed-POM—quantitative differences

Several previous studies of hand-collected macroag-
gregates compared ectohydrolytic potentials and prokar-
yotic growth in a cm® of particles with a cm® of bulk
seawater, yielding volume concentration factors (VCF).
Reported VCF for as many as seven different ectohydro-
lases varied from 0 to oo, but were typically between
about 10 and 50,000 and indicate the degree to which
activities were intensified within macroaggregates (e.g.,
Karner and Herndl, 1992; Smith et al., 1992). Our VCF
estimates for ectohydrolase activity associated with sed-
POM are significantly higher, varying from 400 to 1.5 x 10°
and medians between 66,000 and 365,000 (Fig. 10). These
high values are a likely consequence of PN, POC and
prokaryotic biomass being on the order of 2.3 x 108,
1.8 x 10%, and 0.4 x 10° times more concentrated in sed-
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Fig. 10. Box plot of volume concentration factors (VCFs) of key inventory
and activity measurements measured in 1cm?® of sinking particles
compared to those measured in 1cm? of seawater including seston. Box
plot presentation and statistics same as in Fig. 9. Vertical dotted lines
separate significantly different groups of variables (ANOVA and Dunn’s
multiple pair-wise comparisons) at levels denoted. ** indicates that
APase activity is significantly (p<0.005) more concentrated than BNP.

POM than in surrounding waters, respectively. For hand-
collected macroaggregates, DOC, carbohydrates, amino
acids, NH3, PO3~, and prokaryotes have all been reported
to be tens to thousands of times more concentrated than
in surrounding waters in a number of studies (reviewed in
Simon et al.,, 2002). The higher VCFs reported for our
rapidly sinking particulate pools may simply be a
consequence of their higher compaction and lower
porosity compared to macroaggregates, and does not
necessarily translate to qualitative differences in the
organic matter.

While VCFs of many measured variables were high in
trap material, Dunn’s multiple pair-wise comparisons
indicate that prokaryotic activities in sed-POM were
significantly less enhanced (p<0.001) than their potential
substrates, measured as PN or POC (Fig. 10). These
disparities in enrichment factors suggest that smaller
proportions of sinking PN and POC were labile compared
to equal volumes of seawater containing dissolved,
colloidal and suspended particulate organic matter.
Among the activity measurements, VCFs of B-GLUase
and CHlIase significantly exceeded those of APase, LAPase
and BNP. The divergence of VCFs among ectohydrolytic
potentials suggest that sed-POM is enriched in polysac-
charides and chitin relative to seston.

When normalized to available resources (PN), micro-
bial activities in sed-POM actually appeared to be
significantly lower than in seston samples (Fig. 11). For
example, median LAPase, CHIlase, B-GLUase and APase
activities in trap samples were approximately 150, 4, 430,
and 28-fold lower per unit PN than in seston samples,
respectively (Fig. 11). These findings appear to contradict
earlier findings for hand-collected macroaggregates (e.g.,
Smith et al., 1992). Our findings for trap material, however,
are not completely unprecedented. In shallow sediment
traps deployed in an Arctic polynya, ectohydrolase
activities normalized to sinking POM dry weight were
not significantly different from those associated with
seston (Vetter and Deming, 1994). Thus, it appears that
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Fig. 11. Comparison of potential activities of LAPase, CHIase, f-GLUase,
APase, and heterotrophic prokaryotic growth rate in Niskin bottle and
sediment trap samples. Ectohydrolase activities are normalized by PN
concentrations. Box plot presentation and statistics are same as in Fig. 9.

polymers in sed-POM are not necessarily turned over
more readily by hydrolysis than those in the seston.

We note that our activity estimates for sed-POM are
likely to be conservative because our assays were
performed on material remaining in traps after 9-12d
collections. From PN flux data, we can estimate a plausible
range of material loss occurring during trap deployment.
Excluding depth intervals where PN fluxes increased and
using first-order decay kinetics, PN loss (dFpn/dz), or
vertical decay, varied between 0.000 and 0.005m™ .
Assuming that mean particle sinking velocities, v, lie
between 25 and 250md~' through the water column
(Berelson, 2002), 6Fpn/dz estimates yield median decay
rates of 0.01-0.14d~! (v - 5Fpn/0z) for slowly and rapidly
sinking particles, respectively. This exercise suggests that
on average 1-14% of material collected by our unpoisoned
traps was decomposed by the time of retrieval. Thus, our
hydrolysis rates reflect activities associated with materials
varying in age and stages of decomposition, the lability of
which can depend upon arrival time. Then again, the same
argument can be made for seston captured in Niskin
bottles because residence times and labilities of sus-
pended particles are unknown and likely to vary widely
also. Correcting rates for decomposition is not feasible
with available information because ectohydrolase activ-
ities are not likely to scale predictably with particle mass
or age in such complex materials that are delivered to
depth at varying rates. Our assays may not have captured
hydrolysis of the most labile POM fractions. However, PN-
specific rates reveal that on balance polymeric pools in
traps samples are turned over at significantly lower rates
than POM suspended in the Cariaco Basin.

In the present study, prokaryotic production (uM Cd 1)
was intensified the least of all variables measured,
attaining a median VCF of only ~16,000 (Fig. 10). Cell-
specific growth rates (d~!) tended to be almost 150 times
slower in sed-POM samples than in seston (Fig. 11). Even
in hand-collected macroaggregates and fresh diatom
debris, prokaryotes’ specific growth rates can be lower
than those of free-living prokaryotes (Alldredge et al.,
1986; Simon et al., 1990; Unanue et al., 1998). Measured
growth rates were low in both seston and sed-POM,
signifying that large portions of these prokaryotic assem-

blages were either inactive or did not assimilate extra-
cellular 3H-leucine. The disparity between VCFs for
abundance and production (p<0.001; ANOVA) suggests
that particle-associated prokaryotes, in particular, were
less active than bacterioplankton on a per cell basis or that
measured BNP rates were artificially low. As suggested by
Ploug and Grossart (1999), diffusive transport into
particles’ interiors can limit microbial access to radio-
tracers in such incubations and lead to underestimates.
While we cannot eliminate this possibility, mixing of
these diluted incubations and the 8-12-h incubations
should have been sufficient for tracer equilibration. It is
also unlikely that rates were significantly biased because
of dilution of the 10nM >H-leucine tracer by ambient
dissolved leucine because concentrations varied from O to
6nM and 0.1 to 1.4nM in sed-POM and seston incuba-
tions, respectively (Taylor, unpubl. data). Clearly this
approach has its limitations, but low prokaryotic growth
rates in sed-POM have been measured previously by
independent in situ techniques and thus do not appear to
be uncommon (Taylor et al., 1986; Karl et al., 1988).

Consistent differences in the relative importance of
specific ectohydrolases and their depth profiles (Figs. 3-8)
suggest that microbial assemblages associated with
seston and sed-POM samples are adapted to hydrolyzing
different pools of polymers. Individual ectohydrolase
activities varied significantly within seston and sed-POM
samples as well as between them, when normalized to PN
(Fig. 11). Rank order of median activities in sinking
particles was APase > CHIase > LAPase > 3-GLUase. In con-
trast, activities in seston samples ranked APase >LAPase >
B-GLUase > CHIase (Fig. 11). Activity rankings in seston are
based on combined oxic and anoxic observations from
nine cruises, and yielded medians of 66 (range = 0-268),
42 (0-670), 32 (0-1561), and 3.5 (0-104) (mmol hydro-
lysate) (molPN)~! d~! for APase, LAPase, B-GLUase, and
CHlase, respectively. These rankings remain intact
whether normalization is by PN or prokaryotic cell
abundances. Our rank orderings of ectohydrolase activity
are similar to those of other marine studies (e.g., Smith
et al., 1992; Martinez et al., 1996).

4.3. Methodological considerations

A limitation of most ectoenzyme assays is that ambient
concentrations of target polymers are necessary to
calculate actual hydrolysis rates, but are difficult to
measure and consequently seldom known. Lacking de-
tailed information on macromolecular composition, in-
vestigators have resorted to incubating samples with
saturating concentrations of fluorogenic analog to esti-
mate maximum potential rates as a reasonable compro-
mise (e.g., Chrést and Velimirov, 1991). To evaluate
whether our rates represent maximum potential rates,
we examined LAPase activity with respect to protein
pools. Particulate and dissolved combined amino acids
(PCAA and DCAA) concentrations are unavailable for
Cariaco Basin Niskin bottle samples. However, combined
these fractions contributed 31% and 18% to the total POC
mass flux into the 225 and 405m sediment traps
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recovered immediately before the CAR-54 (6 May 2000)
cruise. PCAA and DCAA contributed 33-41 and 7-11 uM
total amino acids as peptides to our experimental
dilutions and 2.3-3.2 and 0.5-0.7uM specifically as
leucine residues, respectively (data courtesy of L. Abram-
son and C. Lee). Thus, in samples representing the highest
PN mass flux and protein concentrations of the entire
study, our analog addition (3.1 uM) was essentially
equivalent to total ambient pools of the residue hydro-
lyzed by LAPase. Therefore, actual rates of LAPase
hydrolysis in our most protein-rich samples could poten-
tially be a factor of 2 higher than the reported rates
for shallow trap samples. However, in other trap and
all seston samples possessing lower protein contents,
we expect that leu-MCA was added at saturating
concentrations.

In addition to relative tracer and substrate concentra-
tions, community kinetic parameters also influence
apparent activities. For example, Az(a et al. (2003) noted
that half-saturation constants, Ky, in particle-associated
assemblages were higher than those associated with
seawater alone for all ectohydrolases tested. These results
imply that at low substrate concentrations ectohydrolases
in free-living assemblages were more responsive than
those associated with aggregates. In the literature,
fluorogenic analogs have been added at a single level or
as a range of concentrations, varying from <0.5 to 200 uM
(e.g., Hoppe, 1993; Sala et al., 2001). Sebastian and Niell
(2004) demonstrated that MUF-pho concentrations
<5uM yielded saturating hydrolysis rates, V., (nMd™1),
for subtropical plankton assemblages in the eastern N.
Atlantic, and higher analog additions actually depressed
apparent APase rates. While kinetics in the present study
are unknown, our analog additions approximate those
yielding Vmax for APase in Sebastian and Niell’s (2004)
study, this being our most active ectohydrolase. Therefore,
we hypothesize that the same analog concentrations
added to estimate rates of less active ectohydrolases
should also approximate their V;,,.x. Clearly, all rates must
be viewed as potential rather than actual (Chrést and
Velimirov, 1991).

4.4. LAPase activity in perspective

Current theory holds that uptake of organic substrates
and subsequent microbial production in aquatic systems
are generally limited by rates of particle and polymer
hydrolysis because concentrations and residence times of
most labile monomers and oligomers are generally too
low to support observed production (Fuhrman and
Ferguson, 1986; Hoppe et al., 1988, 1993; Azam and
Smith, 1991). Furthermore, relative activities of specific
ectohydrolases have been used to infer which classes of
polymers are important to bacterioplankton nutrition in a
variety of environments (Christian and Karl, 1995; Koike
and Nagata, 1997; Sala et al,, 2001). Community level
polymer hydrolysis has been related to decomposition,
nutrient and energy acquisition, and secondary produc-
tion in terms of an optimal resource allocation model
(Sinsabaugh et al., 1997). The foundation of this model is

that osmotrophic assemblages will optimize their energy
expenditures by expressing high levels of particular
ectohydrolases only if polymeric substrates are abundant
and if the monomeric hydrolysates required for growth
are scarce.

LAPase activity in the current study appears to be a
prime example of optimal resource allocation. Bulk
analyses suggest that freshly collected marine plankton
is about 50-60% particulate combined amino acids (PCAA)
or protein, 20-25% carbohydrates and 20-30% lipids by
weight (Hedges et al., 2001). Similarly, PCAA accounts for
40-50% of sed-POM mass in the upper 3500m of the
equatorial Pacific (Hedges et al., 2001). In contrast, the
proteinaceous fraction in seston from the equatorial
Pacific declines steeply with depth to <20% by weight
in the upper 1000 m (Sheridan et al., 2002). Thus, protein
appears to be the most abundant identifiable class of
macromolecules in source material, and becomes more
depleted in seston than in sed-POM at depth in marine
systems.

From the consumer’s perspective, proteins and pep-
tides are important, estimated to support between 10%
and 45% of C demand and ~40% to >100% of N demand
for bacterioplankton in surface waters (Kroer et al., 1994).
Not unexpectedly, strong covariances between LAPase
activity, leucine uptake and dissolved free amino acids
have been observed widely in aquatic environments
(Hoppe et al., 1988, 1998; Chrost et al., 1989; Miiller-
Niklas et al., 1994; Taylor et al., 2003b). Among all Cariaco
Basin samples, LAPase activity correlated with PN con-
centrations more robustly than any other ectohydrolase,
suggesting a microbial community response to protein
availability in both seston and sed-POM (Tables 2 and 3).
Consistent with microbial utilization of protein hydro-
lysates, leucine uptake (BNP) was also strongly correlated
with PN concentrations and LAPase potentials among
seston samples (Table 2).

Aminopeptidases are typically among the most active
of ectohydrolases assayed in aquatic systems (Karner and
Herndl, 1992; Smith et al., 1992; Sinsabaugh et al., 1997).
They are believed to be important for carbon, nitrogen and
energy acquisition and appear to be widely expressed
among marine prokaryotes (Chrost, 1991; Kroer et al.,
1994; Christian and Karl, 1995; Martinez et al., 1996).
Depth trends for LAPase activity in both sed-POM and
seston samples (Fig. 5) were consistent with general
trends for PCAA observed in other ocean regimes (e.g.,
Hedges et al., 2001; Sheridan et al., 2002; Gupta and
Kawahata, 2003). This consistency and strong correlations
with PN (Tables 2 and 3) suggest prokaryotic expression of
LAPase activity was responsive to PCAA availability.
However, LAPase’s subordinate ranking in sed-POM
samples suggests the possibility that other proteolytic
enzymes also participate in protein decomposition in
sinking POM and escaped detection in our assays.

4.5. Chitinase activity in sinking and suspended POM

The enhanced expression of CHlase activity associated
with sed-POM relative to seston in our samples may be
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driven by the varying composition of polymeric pools.
Exuviae and peritrophic membrane-encased fecal pellets
from planktonic crustacea are common in sedimenting
materials and are expected to be the primary sources of
chitin in this ecosystem (Small et al., 1987; Sasaki et al,,
1988; Taylor, 1989). Perhaps behavioral patterns of
macrozooplankton, such as vertical migration, explain
variations in CHIase activity distributions. Other sources
of chitin to this system may be cell walls of chlorophytes
and extracellular material produced by some diatoms and
prymnesiophytes (Cottrell et al., 1999). Therefore, this
POM pool may preferentially select for growth of micro-
bial populations expressing CHlase or may induce CHlase
up-regulation. Consistent with the prediction of Hoppe
et al. (1998), CHlase activity in the seston was highly
correlated with phytoplankton abundance and production
(Table 2). We interpret this as a microheterotrophic
response to enhanced availability of chitinous substrates,
produced either directly by phytoplankton or by crusta-
cean herbivores. The n-acetylglucosamine released from
chitin hydrolysis may be utilized as N, C and energy
resources or directly for synthesis of new prokaryotic
peptidoglycan cell wall.

4.6. p-Glucosidase activity in sinking and suspended POM

Activity of B-GLUase, a low-specificity enzyme that
hydrolyzes many forms of polysaccharides produced by
microalgae and vascular plants (Chrost, 1991) and releases
energy-bearing sugars, was nearly always detectable in
our samples. In all but three seston sample sets, activity of
this ectohydrolase declined markedly with depth (Fig. 7).
Previously, Koike and Nagata (1997) observed that o- and
B-GLUase activities in central Pacific deep waters
(>1000 m) were usually < 1% of those observed in surface
layers. These trends suggest that either labile polysacchar-
ides are rapidly depleted with depth or that other sources
of energy and carbon are more accessible to microbial
assemblages at depth. In general, carbonaceous com-
pounds are remineralized more slowly than nitrogenous
compounds as indicated by POC/PN ratios increasing from
5.6 in fresh plankton tows to as high as 16.4 in Cariaco
Basin seston and averaging 8.9 (Benitez-Nelson et al.,
2004, 2007; this study). Furthermore, B-GLUase potentials
have been observed to be 10-1000-fold lower than those
of LAPase here and elsewhere, implying either that
polysaccharides breakdown is significantly slower than
protein or that polysaccharides are less abundant (Smith
et al., 1992; Huston and Deming, 2002; this study).

4.7. Phosphorus dynamics

In Cariaco Basin seston samples, variations in total
dissolved inorganic nitrogen concentrations (DIN = NHZ+
NO3+NO3) did not correlate with other biotic variables,
except weakly with prokaryotic abundances. Conse-
quently, DIN explained almost no variation in planktonic
inventories or activities. In stark contrast, variations in
dissolved PO3~ concentrations were inversely correlated
with all measured rates and inventories, except for

integrated NPP and Chl a and probably because of the
small sample size (Table 2). Findings were not signifi-
cantly altered by comparing these variables at discrete
depths (not presented). We interpret these trends as
suggestive of dissolved phosphorus depletions in samples
possessing high microbial biomass and production and
that these depletions induce up-regulation of APase.
APase hydrolyzes phosphate esters at alkaline pH
(7.2-9.8; Kuenzler and Perras, 1965), releasing phosphate
for subsequent assimilation from sugar phosphates and
other phosphomonoesters (Dyhrman, 2005). Inverse cor-
relations between APase activity and dissolved PO3~
concentrations have been observed widely in aquatic
environments, suggesting that planktonic expression of
this ectohydrolase is a response to phosphorus “stress” or
P-limitation (Siuda and Chrést, 1987, Ammerman, 1991;
Cotner et al., 1997; Sala et al., 2001). For example, Chrost
and Rai (1993) observed high levels of APase in nutrient-
impoverished mesocosms, while 3-GLUase became more
important in systems replete with inorganic nutrients. In
other words, when inorganic nutrient limitation is
relaxed, prokaryotes are capable of expressing higher
capacities for carbon and energy-acquiring ectohydro-
lases, such as B-GLUase.

It is becoming increasingly evident that P-limitation
is intermittently operative over vast regions of the
world’s ocean (Karl, 2002). Therefore, APase and other
P-regenerating ectohydrolases (e.g., 5'-nucleotidase) ap-
pear to be important for P retention in the epipelagic and
are intimately linked to the cycling of P, N, and C. In
oceanic systems, APase activities sometimes exceed those
of other ectohydrolases and are the least diminished with
depth (Smith et al., 1992; Koike and Nagata, 1997). In fact,
APase activities in the Arabian Sea were reported to
increase with depth, suggesting that this enzyme is
important in degrading POP below the photic zone (Hoppe
and Ullrich, 1999). Unlike the other three ectohydrolases
examined in the Cariaco Basin, PN-normalized APase
tended to increase with depth in sed-POM during all
three collections and consistently maintained relatively
high, though variable, potentials throughout the water
column (Fig. 8). This pattern indicates that inorganic P is
regenerated faster than N from sed-POM and at varying
rates compared to N in seston, suggesting that the Cariaco
Basin may experience P-stress.

Benitez-Nelson et al. (2004) previously reported that
Cariaco Basin sed-POM was severely depleted in organic
phosphorus relative to the Redfield ratio; PN/POP aver-
aging 37. Based on a systematic analysis of 9 years of
biweekly sediment trap data and dissolved nutrient
inventories from the CARIACO time series station, Benitez-
Nelson et al. (2007) reported that phosphorus is regener-
ated from sed-POM faster than C and N at all times and is
fastest during the upwelling season. These authors
observed that PIP within sinking material was preferen-
tially lost with depth below 225m, i.e., total N/P ratios
increased systematically below the O,/H,S interface. In
trap samples analyzed in the current study, PIP and POP
were negatively correlated with POC and PN, illustrating
that particulate C/N/P ratios were relatively high during
periods of high particle production (Table 3). Despite the
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suggestion of P-limitation inferred from elemental ratios
and high APase potentials in sed-POM, APase activities did
not correlate with PIP or POP inventories within sediment
traps (Table 3).

Paradoxically, the argument that relatively high APase
expression throughout the Cariaco Basin is indicative of
phosphorus limitation is not supported by dissolved
nutrient stoichiometry in the water column. At the time
series station, the euphotic zone varies from 30 to 100 m
and typically exhibits depleted inventories of all dissolved
inorganic nutrients, and PO3~ concentrations have always
been <1.0uM over the last decade (http://www.imars.
usf.edu/CAR/). However, dissolved N/P ratios (NO3+NO5+
NH;)/PO;~ in the upper 30m have been below the
Redfield ratio (16) in 88% of all monthly observations
(n = 382) and averaged 7.4, suggesting plankton commu-
nities are most often N-limited. In the redoxcline
(~220-350m), the second most productive layer in this
water column, PO3~ concentrations have always been
between 1 and 3 uM over the last decade. In this layer,
dissolved N/P ratios were below 3.0 in >94% of all
observations (n = 395) and averaged 1.4, again implying
N-limitation for those microbial assemblages. Below
350m, dissolved POz~ concentrations increased mono-
tonically toward the seafloor to ~4.0 uM and N/P ratios
averaged 4.2 (n = 534). N/P ratios recomputed to include
dissolved organic N and P are slightly elevated in the
upper 100m, but are not significantly altered at depth.
However, applicability of total dissolved N/P ratios is
uncertain, because bioavailability of DON and DOP pools is
unknown. Cellular N/P ratios in bacterioplankton appear
to be ~16 in P-limited cultures, but are lower under C and
N-limited and nutrient-replete conditions, varying be-
tween 6.4 and 9.2 (Vrede et al., 2002). Bacterioplankton
cell N/P ratios are therefore higher than dissolved ratios
generally observed below the euphotic zone and actually
suggest that organisms inhabiting most of the water
column are more likely to be N-limited than P-limited.
Nonetheless, organisms in this system, whether plank-
tonic or associated with sed-POM, appear adapted to
hydrolyzing phosphomonoesters, effectively regenerating
inorganic PO3~ throughout the water column, whether it
is oxic or anoxic.

5. Conclusions

Microbial productivity and ectohydrolytic activity
associated with hand-collected macroaggregates have
been explored in the literature. However, the present
study is one of the few to examine these processes in
materials directly captured during their downward trans-
port. As in macroaggregates, ectohydrolase activities and
prokaryotic production in sinking biogenic debris were
spatially intensified over comparable volumes of seawater
(400-1.5 x 10%-fold). However, our results suggest that
when normalized to inventories of PN or prokaryotes,
hydrolytic potentials associated with sed-POM are not
demonstrably higher than sestonic activities. Our findings
also suggest that suspended POM inventories are turned
over by hydrolysis more rapidly than sed-POM.

Of the ectohydrolases assayed, alkaline phosphatase
generally remained most active at all depths in both
seston and sed-POM samples. This observation coupled
with previous reports and inverse correlations between
phosphorus inventories and microbial abundance,
productivity and activity measurements, suggest that
microbial assemblages commonly regenerate dissolved
inorganic phosphate in the water column. Elemental
ratios of sed-POM suggest that associated microorganisms
are P-limited, which may explain APase potentials
increasing with depth in sediment trap samples. In the
seston, however, dissolved nutrient inventories acquired
over the last decade and published N/P cell quotients
argue against the prevalence of P-limitation for suspended
microorganisms in the Basin. We hypothesize that high
APase activities observed in the seston may be more
reflective of microbial acquisition of carbon and energy
from labile phosphate esters rather than demonstrating
phosphorus acquisition.

As expected, activity potentials of all ectohydrolases
were highest in samples from warm shallow waters,
where labile polymers abound in relatively young parti-
cles. However, normalizing activity potentials by PN or
prokaryotic inventories reduced differences between
depths. While bacterial growth rates in oxic seston
samples were significantly faster than in anoxic samples,
no statistical differences between oxic and anoxic samples
could be demonstrated for any ectohydrolase. Further-
more, factoring in the 8-9°C temperature difference
between oxic and anoxic suggests that ectohydrolytic
potentials of distinct aerobic and anaerobic microbial
assemblages are not fundamentally different within the
Cariaco Basin’s water column.
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