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Warm core, anticyclonic rings that spin off from the Gulf Stream circulate through
the region directly offshore of the Mid-Atlantic Bight. If a warm core ring reaches the
continental shelf break, its warm, highly saline water may subduct under cooler, fresher
continental shelf surface water, resulting in subsurface waters at the shelf break and over
the upper continental slope with high temperatures and salinities and distinct physical
and chemical properties characteristic of Gulf Stream water. Such intruding water may
also have microbial communities with distinct functional capacities, which may in turn
affect the rate and nature of carbon cycling in this coastal/shelf environment. However,
the functional capabilities of microbial communities within ring intrusion waters relative to
surrounding continental shelf waters are largely unexplored. We investigated microbial
community capacity to initiate organic matter remineralization by measuring hydrolysis
of a suite of polysaccharide, peptide, and glucose substrates along a transect oriented
across the Mid-Atlantic Bight shelf, shelf break, and upper slope. At the outermost
sampling site, warm and salty water derived from a Gulf Stream warm core ring
was present in the lower portion of the water column. This water exhibited hydrolytic
capacities distinct from other sampling sites, and exhibited lower heterotrophic bacterial
productivity overall. Warm core rings adjacent to the Mid-Atlantic Bight shelf have
increased in frequency and duration in recent years. As the influence of warm core
rings on the continental shelf and slope increases in the future, the rate and nature of
organic matter remineralization on the continental shelf may also shift.

Keywords: warm core ring, ring intrusion, Mid-Atlantic Bight, heterotrophy, carbon cycling, enzymatic activity

INTRODUCTION

Western boundary currents often influence adjacent or nearby continental shelf areas. The Mid-
Atlantic Bight (MAB) continental shelf off the northeastern United States stretches from Cape
Hatteras to Georges Bank, and this region is repeatedly affected by warm core rings that have
spun off from the Gulf Stream (e.g., Joyce et al., 1992; Gawarkiewicz et al., 2001; Chen et al.,
2014; Zhang and Gawarkiewicz, 2015). Warm core rings are a type of oceanic mesoscale eddy, and
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numerous such rings are formed on the north side of the Gulf
Stream each year. They are composed of Gulf Stream water that
is circulating anti-cyclonically, and they typically drift to the
north and west, where many eventually encounter the upper
continental slope and outer continental shelf along the MAB.

In recent years, there have been instances in which the
path of the Gulf Stream jet has shifted well north of its
normal meander envelope and thus is in close proximity to the
shelf break and outer continental shelf (Gawarkiewicz et al.,
2012; Ezer et al., 2013; Ullman et al., 2014). Such shifts in
ocean water circulation have the potential to profoundly affect
the biological framework of life in the ocean. For example,
upwelling of nutrient-rich deep water to the euphotic zone at
the shelfbreak front in the MAB leads to enhanced primary
productivity within the shelfbreak front and jet (Chen and He,
2010; Zhang et al., 2013). Such interactions between physical and
biological processes have long been understood as the foundation
of the ocean’s food web (Redfield, 1958; McGillicuddy, 2015).
Understanding of finer-scale ocean circulation interactions with
the shelf is less mature, in part because development of
the instruments and capabilities to make higher resolution
observations of relevant ocean parameters over sufficiently large
temporal and spatial scales has occurred comparatively recently.
In the last several years, however, new observational capabilities
such as the Ocean Observatories Initiative’s Pioneer Array have
highlighted increased exchange across the shelf break and the
importance of warm core rings over the upper continental slope
(Gawarkiewicz et al., 2018).

Recent studies have suggested that Gulf Stream influences
on the continental shelf and slope south of New England have
been increasing. Andres (2016) found that the initiation region
for large amplitude Gulf Stream meanders has been shifting
steadily westward since 1995 and large amplitude meanders
are now occurring west of the New England Seamount Chain.
Furthermore, the number of warm core rings formed annually
has increased by roughly 50% for the time frame 2000–2016
compared to 1977–1999 (Monim, 2017). Repeated cross-shelf
glider transects from the Pioneer Array have shown that the mean
salinity over the continental slope during a 2 years time period
was 35.7 PSU, an increase of over 0.6 PSU relative to slope water
mass properties from the 1970s and earlier (Gawarkiewicz et al.,
2018). Additionally, while previous investigations of the presence
of ring intrusions on the continental shelf showed strong seasonal
dependence (Lentz, 2003), with a peak in August and negligible
frequency of intrusions in April, in recent years ring intrusions
have been shown to occur throughout the year. For example,
Gawarkiewicz et al. (2018) document a ring intrusion extending
onshore from the shelfbreak to the 30 m isobath in January
2017. A recent census of warm core rings in the Northwest
Atlantic indicates a peak in formation between 65◦and 70◦ West
in July of ca. 0.75 rings/year, and ca. 0.6 rings/year in April,
with ca. 3 rings/year in the region from 55 to 75◦ West, and ca.
2 rings/year in April (Etige, 2019).

Warm, salty waters intruding onto the upper slope and outer
shelf can bring ecosystem changes. For example, new species
have been documented on the continental shelf during seasons in
which they are not normally present (Gawarkiewicz et al., 2018).

However, the effects of such intrusions on biogeochemical
cycling are just beginning to be investigated. The activities of
heterotrophic microbial communities are particularly important
in this respect, since they are key drivers of carbon and nutrient
cycling, transforming and remineralizing organic matter, and
generating new biomass. These processes function as a constraint
on the amount of carbon recycled to the atmosphere as CO2 or
transported to deeper water depths (Azam and Malfatti, 2007;
Falkowski et al., 2008). The functional capabilities of microbial
communities in warm core ring features, and the timing and
persistence of such rings along the continental shelf and slope,
thus may affect the location and rate of carbon cycling along this
portion of the ocean margin.

The carbon-cycling activities of microbial communities
are initiated by extracellular enzymes, which hydrolyze high
molecular weight (HMW) organic matter into sizes sufficiently
small to be transported into the cell. The assemblage of enzymes
that a microbial community can produce affects the nature
and quantity of organic substrates that microbial communities
can access, as well as the rates at which they are hydrolyzed
(Arnosti, 2011). These functional patterns follow gradients across
depth (Baltar et al., 2010b; Steen et al., 2012; Hoarfrost and
Arnosti, 2017), latitude (Arnosti et al., 2011), hydrographic
properties (Baltar and Arístegui, 2017; Hoarfrost and Arnosti,
2017; Balmonte et al., 2018), and between coastal and open ocean
regions (D’Ambrosio et al., 2014).

Distinct hydrolytic capacities of microbial communities
within water masses result in different rates of carbon
degradation in different regions of the ocean, often most
obviously where boundaries between water masses are sharp
(Baltar and Arístegui, 2017). Gulf Stream warm core rings may
transport a distinct microbial community with distinct hydrolytic
capacities (Baltar et al., 2010a). These distinct functional
capacities may affect carbon cycling over the MAB outer shelf
and upper slope during intrusions of ring-derived waters there;
however, this possibility has not yet been investigated.

Recent years have brought increased use of new sensors,
gliders, and floats that provide continuous physical and chemical
data, enabling high-resolution spatial and temporal tracking of
specific water masses, including observation of the increased
frequency of ring intrusions on the shelf (Andres, 2016;
Gawarkiewicz et al., 2018). In contrast, continuous and/or high-
resolution measurements of microbial extracellular enzymatic
activities – the initial step of carbon cycling –with similar
spatial and temporal resolution is not yet possible. Although
high-resolution automated collection of samples of microbial
transcripts provides new insight into microbial dynamics (e.g.,
Ottesen et al., 2014; Aylward et al., 2015), rates of processes
cannot be inferred from such samples. Here we focus instead
on ship-based sampling and incubation of “end points” of
ring intrusion, by comparing microbial community activities in
surface and bottom waters on a transect along the MAB shelf and
shelf break during a ring intrusion event. This transect included
stations spanning shelf water, slope water, and ring-derived
water. Measurement of microbial activities – potential activities
of enzymes hydrolyzing peptides and polysaccharides, as well
as heterotrophic bacterial productivity – across these distinct
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water masses yields insight into the biogeochemical capabilities of
microbial communities associated with interactions between the
Gulf Stream and the continental shelf of the Mid-Atlantic Bight.

MATERIALS AND METHODS

Hydrographic sampling was conducted with a SeaBird 911+
CTD fromthe R/V Endeavor between April 27 and 28, 2015
(cruise EN556). Vertical profiles were sampled at four stations
between the 63 m and 207 m isobaths roughly along 71◦W.
Station 1 was located at 40.71◦N 71.03◦W, Station 2 at 40.46◦N
71.00◦W, Station 3 at 40.31◦N 71.00◦W, and Station 4 at
40.07◦N 71.01◦W (Table 1 and Supplementary Figures 1, 2).
Water masses were identified (see section “Results”) based
on temperature and salinity characteristics, as well as the
observation of warm core ring movements from satellite sea
surface temperature observations in this region before, during,
and after the time period of sampling.

Seawater Collection
Seawater was collected from 1 m below surface and within a
few meters of the bottom at each station using a Niskin rosette
equipped with a CTD sensor. Bottom sampling depths were 58 m
(Stn. 1), 78 m (Stn. 2), 97 m (Stn. 3), and 199 m (Stn. 4; Table 1).
Seawater was transferred to 20 L carboys that were rinsed three
times with water from the sampling depth and then filled with
seawater from a single 30 L Niskin bottle, using silicone tubing
that had been acid washed then thoroughly rinsed with distilled
water prior to use. From each carboy, water was dispensed into
smaller 1–2 L glass containers that were cleaned and pre-rinsed
three times with water from the carboy prior to dispensing. This
water was used to measure heterotrophic bacterial productivity
and the activities of polysaccharide hydrolases, peptidases, and
glucosidases. One separate glass 1 L Duran bottle was filled
with seawater from the carboy and sterilized in an autoclave
for 20–30 min to serve as a killed control for microbial
activity measurements. Note that the experiments carried out
with this water – in particular, measurement of polysaccharide
hydrolase activities – are resource- and time-consuming to set
up and carry out subsequent analyses. For this reason, collection
and incubation of additional depths and locations was not
possible during the short duration of this transect: the eight
depths/locations reported here represent the maximal possible
effort by the shipboard party.

Incubation Setup and Subsampling –
Peptidases and Glucosidases
The hydrolysis of seven low molecular weight substrate proxies
was measured in surface and bottom waters from all four
stations. Two substrates, α-glucose and β-glucose linked to a 4-
methylumbelliferyl (MUF) fluorophore, were used to measure
glucosidase activities. Five substrates linked to a 7-amido-4-
methyl coumarin (MCA) fluorophore, one amino acid – leucine –
and four peptides – the chymotrypsin substrates alanine-alanine-
phenylalanine (AAF) and alanine-alanine-proline-phenylalanine
(AAPF), and the trypsin substrates glutamine-alanine-arginine TA
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(QAR) and phenylalanine-serine-arginine (FSR) – were used to
measure exo- and endo-acting peptidase activities, respectively.
These substrates collectively are derived from two major classes
of organic matter, carbohydrates (α-glucose and β-glucose)
and amino acids that are constituents of proteins (leucine,
QAR, FSR, AAF, and AAPF). Furthermore, these substrates
are cleaved by enzymes that hydrolyze their substrates in two
distinct patterns: exo-acting enzymes (cleaving end-terminus
residues: α-glucose, β-glucose, and leucine) and endo-acting
enzymes (mid-chain cleaving: QAR, FSR, AAF, and AAPF). As
with the polysaccharide substrate incubations, these substrates
were incubated at saturating concentrations and thus measure
potential enzymatic activities.

Hydrolysis rates of the substrates were measured as an
increase in fluorescence as the fluorophore was hydrolyzed
from the substrate over time (after Hoppe, 1983; Obayashi
and Suzuki, 2005). Incubations with the seven low molecular
weight substrates were set up in a 96-well plate. For each
substrate, triplicate wells were filled with a total volume of
200 µL seawater for experimental incubations; triplicate
wells were filled with 200 µL autoclaved seawater for killed
control incubations. Substrate was added at saturating
concentrations. A saturation curve was determined with
surface water from each station to determine saturating
concentrations of substrate. Saturation curve incubations
were conducted with leucine and β-glucose substrates, and
as saturating concentrations were found to be similar for
both substrates, this concentration was used as the saturating
concentration for all glucosidase and peptidase substrates.
The saturating concentration was identified as the lowest
tested concentration of substrate at which additional substrate
did not yield higher rates of hydrolysis. Fluorescence was
measured over 24 h incubation time with a plate reader
(TECAN spectrafluor plus; 360 nm excitation, 460 emission),
with timepoints taken every 4–6 h. Hydrolysis rates were
calculated from the rate of increase of fluorescence in the
incubation over time relative to a set of standards of known
concentration of fluorophore. The similarity of the spectra
of glucosidase and peptidase substrates hydrolyzed among
sampling sites were calculated as with polysaccharide substrates,
using the Jaccard similarity metric and testing statistical
significance with PERMANOVA.

Scripts to calculate hydrolysis rates and produce the figures
shown here are available in the associated Github repository
(Hoarfrost, 2017).

Incubation Setup and Subsampling –
Polysaccharide Hydrolases
The potential of the pelagic microbial community to hydrolyze
six HMW polysaccharides (arabinogalactan, chondroitin sulfate,
fucoidan, laminarin, pullulan, and xylan) was investigated in
surface and bottom water at all four stations using fluorescently
labeled polysaccharides (Arnosti, 1996, 2003). These substrates
were chosen for their diverse molecular structure, and because
they are all found in the marine environment and/or enzymes
able to target these polysaccharides are present in marine

microorganisms (e.g., Alderkamp et al., 2007; Martinez-Garcia
et al., 2012; Wegner et al., 2013).

For each substrate, three 50 mL falcon tubes were filled
with seawater and one 50 mL falcon tube was filled with
autoclaved seawater to serve as a killed control. Substrate was
added at 3.5 µM monomer-equivalent concentrations, except
for fucoidan, which was added at 5 µM concentrations (a
higher concentration was necessary for sufficient fluorescence
detection). These substrate concentrations represent a ca. 20 µM
C increase in dissolved organic carbon (DOC) naturally present
in seawater. Since the added substrates are in competition with
any naturally occurring polysaccharides for enzyme active sites,
our measured hydrolysis rates are potential activities. Two 50 mL
falcon tubes – one with seawater and one with autoclaved
seawater – with no added substrate served as blank controls.
Incubations were stored in the dark at as close to in situ
temperature as possible, given the finite number of temperature-
controlled incubators aboard ship (Table 1).

Subsamples of the incubations were collected at time zero, and
at six subsequent timepoints (t1–t6): 2, 5, 10, 17, 30, and 42 days.
These timepoints were chosen based on previous experience,
since it is impossible to know a priori at what timepoint
hydrolytic activity can be detected. Here, we report the data from
the first three timepoints (2, 5, and 10 days), since all activities
that were detectable throughout the timecourse of incubation
were detected by the 10 days timepoint. At each timepoint, 2 mL
of seawater was collected from the 50 mL falcon tube using a
sterile syringe, filtered through a 0.2 µm pore size syringe filter,
and stored frozen until processing; the 50 mL falcon tube was
replaced at its previous temperature to continue incubation.

The hydrolysis of HMW substrate to lower molecular
weight hydrolysis products was measured using gel permeation
chromatography with fluorescence detection, after the method
of Arnosti (1996, 2003). In short, the subsample was injected
onto a series of columns consisting of a 21 cm column of G50
and a 19 cm column of G75 Sephadex gel. The fluorescence of
the column effluent was measured at excitation and emission
wavelengths of 490 and 530 nm, respectively. Hydrolysis rates
were calculated from the change in molecular weight distribution
of the substrate over time, as described in detail in Arnosti (2003).
The pairwise similarity of the spectra of polysaccharide substrates
hydrolyzed among sampling sites was calculated using the Jaccard
similarity metric, and the statistical significance of the differences
in hydrolytic spectra among the shelf, slope, and ring-intrusion
water masses was evaluated with a PERMANOVA test.

Scripts calculating hydrolysis rates and producing the figures
depicted in this manuscript are available at the associated Github
repository (Hoarfrost, 2017).

Heterotrophic Bacterial Productivity
Measurements
Heterotrophic bacterial protein production was measured via
3H-leucine incorporation by heterotrophic bacteria using the
cold trichloroacetic acid (TCA) and microcentrifuge extraction
method (after Kirchman, 2001). All work was performed aboard
ship. In brief, triplicate live samples of 1.5 mL seawater as
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well as one 5% (w/v) TCA-killed control were incubated with
23 µL of 1 mCi/mL L-[3,4,5-3H(N)]-Leucine (PerkinElmer,
100–150 Ci/mmol specific activity, NET460250UC) to a final
concentration of 20 nM for between 4 and 24 h in the dark at
as close to in situ temperature as possible. Live samples were
then killed with 89 µL of 100% (w/v) TCA and centrifuged
(10,000 rpm at 4◦C for 10 min) to pelletize cell material.
The supernatant liquid was removed and 1 mL of 5% (w/v)
TCA solution was added, followed by vortex mixing and
centrifugation. Supernatant removal, mixing, and centrifugation
were repeated using 1 mL of 80% ethanol solution. Finally, the
supernatant liquid was removed and each sample was dried
overnight. After drying, 1 mL of scintillation cocktail (ScintiSafe
30% Cocktail, Fisher SX23-5) was added and incorporated
radioactivity was measured using a LSA scintillation counter
(PerkinElmer Tri-Carb 2910TR). Leucine incorporation rate
was calculated from the incorporated radioactivity, compared
to 1 mL of scintillation cocktail spiked with 23 µL of L-
[3,4,5-3H(N)]-Leucine radioactivity, divided by incubation time.
Rates of heterotrophic bacterial productivity were calculated
with a conversion factor of 1.8 kg C mol Leu−1 after
(Azam and Simon, 1989).

Dissolved Organic Carbon
Measurements
Water samples for DOC measurements were collected from
the Niskin bottles immediately after retrieval, before any other
sampling took place. Clean and acid washed syringes, tubing,
and filter holders were used for each sampling. Duplicate DOC
samples were filtered using the same 60 mL syringe through
combusted glass fiber filters (Whatman 1825-025) secured
within a polycarbonate filter holder into two combusted 20 mL
scintillation vials, acidified using 100 µL of 50% phosphoric
acid, then immediately frozen at −20◦C. DOC samples were
analyzed by high temperature catalytic oxidation (HTCO) using a
Shimadzu Total Organic Carbon analyzer (TOC-8000A/5050A).

RESULTS

Water Masses Sampled
Overviews of T-S characteristics that define water masses in
this region appear in Wright and Parker (1976), Linder and
Gawarkiewicz (1998) and Lentz (2003). Key water masses include
shelf water (T typically 10◦C or below and S less than ∼34.5
PSU), slope water (T ∼10 to 12◦C, S ∼34.5 to 35.5) and warm
core ring water (S∼ 35.5 PSU or greater). Salinities within warm
core rings can be 36.0 PSU or higher shortly after formation.
The temperature-salinity (T-S) properties from Stns. 1–4 reveal
the water masses that were present along the section at the
time of sampling.

Temperature and salinity characteristics as well as water
masses characterizing the transect are shown in Figure 1. Stns.
1 and 2 were occupied solely with shelf water. The upper water
column at Stns. 3 and 4 also had temperature and salinities
typical of shelf water, although both T and S were slightly
higher than at Stns. 1 and 2. The salinity near the bottom in

Stn. 3 was above 35 PSU, which is typical of slope water that
includes mixtures of shelf water and warm core ring water. The
salinity for Stn. 4 was over 35.5 PSU from 120 m depth to the
bottom of the profile, indicating properties of a warm core ring
water mass (Table 1 and Figure 1). DOC was highest at Stns.
1 and 2 surface (120–135 µM), with decreasing concentrations
offshore (80–90 µM at Stn. 2 bottom, Stn. 3, and Stn. 4 surface),
and the lowest measured DOC concentrations at Stn. 4 bottom
(63.5 µM) (Table 1).

Satellite sea surface temperature (SST) images from the dates
leading up to and during sampling of the four stations show
two warm core Gulf Stream rings in the region, one to the
southwest (RING) and one to the southeast (RING-2) of Stn.
4 (Figure 1D and Supplementary Figure 1). RING-2 was
propagating westward, approaching the survey line during April
22–29. On April 27–28, the dates of sampling, the activity of this
ring appears to have “pushed” a warm water filament toward the
survey line. The surface expression of the filament is apparent
in the SST image of April 28 (Figure 1). The existence of water
below 120 m at Stn. 4 with ring T-S characteristics is likely the
deep expression of this filament. Since the deeper water was ahead
(i.e., to the west) of the leading edge of the filament location on
April 28, this would have required the deeper water to be flowing
westward somewhat faster than the surface filament water. This
would be a deep velocity vector pointing out of the page in
Figure 1C, which we suggest with a “circle-dot” vector in the T
and S sections. Such westward flow in the deep waters of Stn. 4
(Figure 1C) is consistent with a thermal-wind shear due to the
sloping density surfaces within the slope and ring waters, shown
in these sections.

Heterotrophic Bacterial Productivity
Heterotrophic bacterial productivity was particularly low in Stns.
3 and 4 bottom water, at 13 and 5 ng C L−1 h−1, respectively, but
was considerably higher in surface water of the same stations, at
76 and 166 ng C L−1 h−1, respectively (Table 1). At Stns. 1 and 2,
there was less difference between surface and bottom waters, and
heterotrophic bacterial productivity was moderate compared to
Stns. 3 and 4, ranging from 23 to 38 ng C L−1 h−1.

Peptidase and Glucosidase Activities
Differences in the spectrum of peptide and glucose substrates
hydrolyzed, as well as hydrolysis rates, were notable among
shelf and shelf break water masses (Figure 2; note difference
in y axes for Stns. 1 and 2 compared to Stns. 3 and 4). At
Stns. 1 and 2, which corresponded with Cold Pool shelf waters,
comparatively few substrates were hydrolyzed, and activities
were quite low, ranging between 0 and 5.2 nmol L−1 h−1.
At these two stations, activities were dominated by hydrolysis
of QAR-trypsin and either AAF-chymotrypsin (Stn. 2; Stn. 1
bottom water) or α-glucose (Stn. 1 surface water). Nearer the
shelf break, Stns. 3 and 4 showed a much wider spectrum
of activities and considerably higher hydrolysis rates. The
surface warm shelf waters of Stns. 3 and 4, which had
similar physical characteristics to each other (Figure 1A),
also showed similar hydrolysis profiles, dominated by leucine
amino peptidase activities averaging 79–88 nmol L−1 h−1,
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FIGURE 1 | (A) A temperature/salinity plot identifying water mass characteristics from the four stations. Sampling locations indicated by circles, filled circles bottom
and empty circles surface waters. (B) Temperature (left) and salinity (right) profiles at each station (data from CTD). Blue: Stn. 1; Black: Stn. 2; Green: Stn. 3; Red:
Stn. 4. (C) Vertical contour of temperature and salinity over the sampling transect, with water masses sampled indicated by dashed lines. SHW, Shelf water; SLW,
Slope water; WCR, Warm core ring intrusion. (Plot produced with Ocean Data View, Schlitzer, 2016). (D) Satellite imagery of sea surface temperature on April 28, the
day Stns 3 and 4 were sampled. Stations surveyed are indicated by black squares. Two warm core rings near the survey sites are indicated by blue arrows, and a
warm filament being pushed onto the continental shelf where Stn. 4 bottom waters are sampled is indicated.

with trypsin (QAR, FSR) and chymotrypsin (AAF, AAPF)
activities ranging between 4 and 21 nmol L−1 h−1, and very
low but detectable levels of α- and β-glucosidase activity.
Bottom waters of Stn. 3, corresponding to slope waters, showed
lower leucine aminopeptidase activity (24.1 nmol L−1 h−1)
compared to surface water from the same station; activities of
QAR-trypsin (at 24.1 nmol L−1 h−1) were, however, higher
than in surface water of Stn. 3. At Stn. 3 (both depths)
as well as surface water of Stn. 4, all of the peptidase and
glucosidase substrates were hydrolyzed. In Stn. 4 bottom water,
corresponding to the warm core ring derived filament, however,
a much narrower spectrum of activities was measured: no FSR,

AAF, or α-glucose were hydrolyzed. This narrow spectrum
of activities did not translate to low hydrolysis rates for the
other substrates, however, since leucine aminopeptidase activity
was 21.7 nmol L−1 h−1, and AAPF-chymotrypsin and QAR-
trypsin activities were 12.7 and 4.4 nmol L−1 h−1, respectively
(Figure 2). Statistical analysis demonstrated that the spectrum of
peptide and glucose substrates hydrolyzed differed according to
water mass source, with significantly different Jaccard similarities
of hydrolytic spectra between Stns. 1 and 2 Cold Pool shelf
waters, Stn. 3 and 4 surface warm shelf waters, Stn. 3 bottom
slope waters, and Stn. 4 bottom warm core ring-derived waters
(PERMANOVA P = 0.006).
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FIGURE 2 | Hydrolysis rate of the seven fluorescently labeled peptide and glucose substrates at each station (left to right) and surface and bottom (top and bottom
panels). A-glu, α-glucose; B-glu, β-glucose; Leu, leucine; AAF, alanine-alanine-phenylalanine; AAPF, alanine-alanine-proline-phenylalanine; QAR, glutamine-alanine-
arginine; FSR, phenylalanine-serine-arginine. Note the order of magnitude difference in y axes between Stns. 1 and 2 and Stns. 3 and 4. Error bars indicate standard
deviation of triplicate incubations around the mean hydrolysis rate.

Polysaccharide Hydrolase Activities
Polysaccharide hydrolase activities, measured initially after 48 h
incubation, also showed distinct differences among stations and
depths in the spectrum of substrates hydrolyzed, as well as
in hydrolysis rates (Figure 3). These hydrolytic spectra were
significantly different among cold pool shelf (Stns. 1 and 2),
warm shelf break (Stns. 3 and 4 surface), slope (Stn. 3 bottom),
and ring derived (Stn. 4 bottom) water masses (PERMANOVA
P = 0.048). Activities were considerably higher at Stn. 2 than at
the other three stations (summed activities of 26.7 and 44.7 nmol
monomer L−1 h−1 for surface and bottom water, respectively),
and were dominated by chondroitin hydrolysis. As with peptidase
and glucosidase activities, Stns. 3 and 4 surface waters also
had similar polysaccharide hydrolysis profiles: chondroitin,
laminarin, pullulan, and xylan were hydrolyzed at both sites in
similar proportions. Summed hydrolysis rates were lowest in
bottom waters at Stns. 3 and 4 (1.7 and 5.0 nmol monomer
L−1 h−1, respectively), although their hydrolysis profiles differed:
arabinogalactan, chondroitin, and laminarin were hydrolyzed in
Stn. 3 bottom water, while fucoidan, laminarin, pullulan, and
xylan were hydrolyzed in Stn. 4 bottom water. Fucoidan and
arabinogalactan were only hydrolyzed in bottom waters, while
pullulan was only hydrolyzed in surface waters and the bottom
waters at Stn. 4.

Given the duration of the polysaccharide incubations,
the timecourse of substrate hydrolysis provides additional

information about the response of a microbial community
to specific polysaccharides, since multi-day incubations allow
sufficient time for enzyme induction, as well as growth responses.
Rapid hydrolysis suggests that a large fraction of a microbial
community can hydrolyze a substrate or that the active portion of
the community is able to respond quickly and at high capacities,
while hydrolysis that develops late in a timecourse indicates
an activity carried out by a small or slow-growing fraction
of the community. Substrate hydrolysis patterns and response
times to the six polysaccharides evolved considerably over a
10 days incubation period across substrate, depth, and location
(Figure 4) such that the composition of activities at day 10
across sites was significantly different than the composition of
activities at day 2 (ANOSIM P < 0.01). Over this time frame,
hydrolysis of chondroitin and laminarin became evident in all
incubations and generally became an increasing proportion of
total polysaccharide hydrolysis over time. Pullulan was rapidly
hydrolyzed in all surface waters, but only in bottom waters at Stn.
4. Arabinogalactan was only hydrolyzed in bottom waters, and
only at Stns. 1 and 3.

DISCUSSION

The frequency of warm core rings in the slope region south
of New England has increased in recent years. In November
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FIGURE 3 | Hydrolysis rates at the 48 h sampling timepoint for the six polysaccharide substrates at each station (left to right) and surface and bottom (top and
bottom panels). Black: arabinogalactan; Turquoise: chondroitin sulfate; Green: fucoidan; Yellow: laminarin; Blue: pullulan; Red: xylan.

2009 (Ullman et al., 2014) and December 2011 (Gawarkiewicz
et al., 2012), the North Wall of the Gulf Stream was in close
proximity to the shelf break south of New England. Observations
from the National Marine Fisheries Service, as part of the
ECOsystems MONitoring program, have shown that ring water
extended shoreward across most of the continental shelf in
September 2014 (Gawarkiewicz et al., 2018). More recently,
the Ocean Observatories Initiative Pioneer Array identified a
large cross-shelf intrusion of ring water in January 2017. Our
study identifies a ring intrusion event on the continental slope
during the time of sampling in April 2015. We detect distinct
biogeochemical characteristics among water masses along the
northern part of the MAB during this ring intrusion, and

explore the effect of these events on microbially driven carbon
cycling in this region.

A pattern in microbial carbon cycling capacity unique to warm
core ring intrusions has implications for carbon biogeochemistry
within warm core rings, and in particular on the biogeochemical
cycling capacities of the continental shelf during ring intrusions.
Across distinct water masses sampled from the continental
shelf, shelf break, slope, and the Gulf Stream derived ring
(Figure 1), microbial communities demonstrated differences in
the spectrum and rates of hydrolysis of a suite of high- and low-
molecular-weight organic substrates, as well as in heterotrophic
bacterial productivity, indicative of differences in carbon cycling
capacities. Gulf Stream derived ring water in the lower reaches
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FIGURE 4 | Relative contributions of polysaccharide hydrolase activities to summed hydrolysis rates (y-axis) at the time of subsampling (x-axis) for each station (left
to right) and depth (top and bottom). Black: arabinogalactan; Turquoise: chondroitin sulfate; Green: fucoidan; Yellow: laminarin; Blue: pullulan; Red: xylan.

of Stn. 4 in particular was distinct from other water masses
sampled at other stations and depths, and it was characterized
by particularly low heterotrophic bacterial productivity (Table 1),
the capacity to hydrolyze fewer peptide substrates relative to
surface waters at the same station (Figure 2), and distinct
polysaccharide hydrolase activities (Figure 3) as well as peptide
and glucose substrate spectra (Figure 2). The hydrolytic pattern
in the deep, ring water at Stn. 4 contrasted with the other
sites sampled on the shelf and slope, whose hydrolytic spectra
and hydrolysis rates significantly different from Stn. 4 bottom
ring water. Shelf and slope waters were also characterized by
widely different rates of heterotrophic bacterial productivity, with
particularly high productivity in shelf water at Stn. 3 (Figure 1A
and Table 1).

Differences in functional capacities were evident over long as
well as short time-scales, as determined by incubations that reflect
the capacity of the microbial community to respond to addition
of specific polysaccharides. Even after 10 days of incubation,
during which a significant growth response is possible, some
polysaccharides were not hydrolyzed (Figure 4), indicating that
the microbial community as a whole lacked the ability to
hydrolyze particular substrates, either because they lacked the
genes that encode the necessary enzymes or because such genes
were not activated during the incubation. Hydrolytic capacities
in water from the warm core ring intrusion, and the timecourse
over which different substrates were hydrolyzed most rapidly,
were distinct from other sampling sites of shelf and shelf break

waters (Figure 4). This observation suggests that the timing and
persistence of ring intrusions may also influence the spectrum of
organic matter hydrolyzed by microbial communities in situ.

We note, moreover, that the hydrolytic patterns differentiating
shelf, slope, and ring intrusion water masses are not driven
by simple temperature relationships. The significantly higher
temperature of the ring intrusion at Stn. 4 bottom water did not
correspond to higher rates of enzyme activity or heterotrophic
bacterial productivity. Across sites, differences in hydrolysis rates
and patterns were not due to temperature differences for either
polysaccharide substrates (R2 = 0.21, P = 0.26) or for peptide
and glucose substrates (R2 = 0.05, P = 0.59). Due to limited
incubator capacity aboard ship, surface waters at all four stations
were incubated at identical temperatures, but demonstrated
distinct differences in hydrolysis rates and capacities (Table 1 and
Figure 1). The highest polysaccharide hydrolysis rates measured
at the first timepoint were from Stn. 2 bottom waters, the coldest
station, which was also incubated at the lowest temperature in
our experiments (Figure 3 and Table 1). Moreover, hydrolysis
rates of glucosidase and peptidase substrates in Stn. 4 ring water
were lower than in surface waters of Stns. 3 and 4, despite the
fact that Stn. 4 bottom water had higher in situ and incubation
temperatures (Table 1 and Figures 1, 2). Comparing stations,
our data show differences that are independent of temperature
in the spectrum of substrates that are hydrolyzed and hydrolysis
rates, and may be more closely related to differences in functional
capacities of the nascent microbial community. This observation
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suggests that biogeochemical models that rely on temperature as
the primary factor driving biogeochemical carbon cycling (e.g.,
Schimel, 2001), which would predict higher overall activities and
heterotrophic bacterial production with increased warm core ring
intrusions on the continental slope and shelf, would incorrectly
predict biological effects on carbon cycling rates.

A previous investigation of microbial activities in the MAB
that sampled waters originating from a Gulf Stream warm
core ring in close proximity to the continental shelf (Bullock
et al., 2015) indicates that the hydrolytic and heterotrophic
bacterial productivity patterns observed in this study are a
consistent feature of Gulf Stream-derived rings and intrusions.
Bullock et al. (2015) found that the same spectrum of
polysaccharides – pullulan, laminarin, xylan, and fucoidan –
were hydrolyzed after 2 days of incubation as in the present
study, and heterotrophic bacterial productivity was also notably
low in waters derived from the warm core ring compared
to the other water masses sampled (13.4 ng C L−1 h−1,
16–39 fold lower compared to the other stations sampled).
Although not all of the peptidase substrates used in the current
study were also measured in Bullock et al. (2015), activities
of leucine aminopeptidase, α-glucosidase, and β-glucosidase
showed similar patterns to Stn. 4 bottom water, with moderate
leucine aminopeptidase rates (ca. 12 nmol L−1 h−1 compared
to 21.7 nmol L−1 h−1 in this study) and very low α- and
β-glucosidase rates. These similarities were apparent despite
differing temperatures (26.4◦C compared to 12.0◦C in this
study) and season of sampling (November vs. April) between
these studies. The similarity of hydrolytic rates and spectra,
as well as the characteristically low heterotrophic bacterial
productivity, in warm core ring waters across the current
study as well as Bullock et al. (2015) suggests that water
derived from warm core rings has a consistent, distinct
biogeochemical imprint on the continental shelf. Other studies
comparing heterotrophic bacterial productivity in water from
farther offshore or from warm core ring sampling sites to
coastal or shallower water sites (Baltar et al., 2009; Alonso-
Sáez et al., 2012) also found that heterotrophic bacterial
productivity was lower in water originating from North
Atlantic Central Water, consistent with both Bullock et al.
(2015) and this study.

The warm core ring intrusion events on the MAB originate
from the Gulf Stream water and North Atlantic Central
Water of the Sargasso Sea. Eddies in the Sargasso Sea
have strong effects on net community production, carbon
export, and microbial community composition and biomass
(Benitez-Nelson and McGillicuddy, 2008; Ewart et al., 2008;
Mouriño-Carballido, 2009; Nelson et al., 2014) that mirror the
patterns observed in the ring-driven intrusion event at our
sampling sites. These prior studies demonstrate that distinct
bacterial distributions, biomass, and bacterial productivity are
characteristic of eddies relative to surrounding water (Ewart
et al., 2008; Mouriño-Carballido, 2009). These eddies are also
associated with distinct microbial communities, as well as
heterotrophic bacterial productivity in the same range as that
observed in the current study (Nelson et al., 2014). The distinct
community dynamics associated with eddy influences in the

Sargasso Sea provide further evidence of the importance of
mesoscale physical processes for bacterial distributions and
protein production.

Several possible mechanisms may account for the observed
differences in functional capabilities across water masses. These
differences may be partially driven by biogeographical differences
in microbial communities, with eddy or ring intrusions onto
the continental shelf bringing with them a distinct microbial
community (Nelson et al., 2014) with distinct hydrolytic
capacities. The differences in functional capacities observed
across sites and water masses are in keeping with functional
biogeographical patterns in substrate hydrolysis previously
identified across latitude, station, and depth (Arnosti et al.,
2011, 2012; Hoarfrost and Arnosti, 2017), and between on-
shore and off-shore sites in the North Atlantic along similar
scales of distance (D’Ambrosio et al., 2014). Differential long-
term responses of the microbial communities in Stn. 4 surface
and bottom waters to amendment with HMW DOM (Balmonte
et al., 2019) indicate that these distinct water masses also
have distinct microbial community structure and function, with
differing potential impacts on the carbon cycle. These patterns
in functional biogeography mirror biogeographical patterns
in microbial community composition (Fuhrman et al., 2008;
Zinger et al., 2011; Ladau et al., 2013; Nelson et al., 2014).
Genetic evidence in support of linkages between community
composition and function includes an investigation from the
East China Sea, where communities in different water masses
from shallow and bottom water depths on the continental
shelf exhibited differential abundances of genes involved
in hydrolysis of starch and chitin-derived carbon sources
(Wang et al., 2017). In addition, in another study in the
North Atlantic, the diversity of genes from glycosyl hydrolase
family 5, one of the largest families of glycosyl hydrolases,
differed significantly between the MAB and open ocean sites
(Elifantz et al., 2008).

Differences in patterns of enzyme activities across water
masses may also be affected by differences in organic matter
composition and/or primary producer communities. For
example, the MAB shelf is typically dominated by diatoms
and dinoflagellates (Falkowski et al., 1994), whereas the North
Atlantic open ocean typically harbors a higher number of
cyanobacteria than in coastal regions (Lomas and Bates, 2004).
These different taxa differ in organic matter composition
(Biersmith and Benner, 1998), and thus may result in distinct
water mass organic matter compositions that could also influence
the activities of the nascent heterotrophic communities.
Amendment with marine HMW DOM is known to induce
shifts in microbial community composition and expression
of genes involved in carbon cycling (McCarren et al., 2010),
while amendment with diatom- vs. cyanobacterial-derived
dissolved organic matter (DOM) induces different microbial
community responses in terms of diversity and richness
(Landa et al., 2014).

The distinct hydrolytic patterns in waters corresponding
to the Gulf Stream ring intrusion in Stn. 4 bottom water,
as it contrasts with hydrolytic patterns in continental shelf
and shelf break waters, highlights the potential biogeochemical
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importance and consequences of Gulf Stream interactions with
the continental shelf. The distinct hydrolytic activities and
functional capacities, coupled with low heterotrophic bacterial
productivity, characteristic of ring intrusions will likely alter the
amount and quality of carbon cycling on the continental shelf,
shifting the composition of organic matter remineralized and
possibly resulting in lower overall rates of remineralization along
the Mid-Atlantic Bight shelf break during ring intrusions. In the
future, the frequency of ring intrusions is likely to increase, due
to the recent destabilization of the Gulf Stream (Andres, 2016)
and the increasing number of warm core rings formed by the Gulf
Stream (Monim, 2017). The frequency of ring intrusions onto the
continental shelf, the amount of time that such intrusions persist
(e.g., Ullman et al., 2014; Zhang and Gawarkiewicz, 2015), and
the likely changes in carbon and nutrient cycling accompanying
shifts in Gulf Stream meander and ring dynamics will thus
have important effects on biogeochemical cycling along the Mid-
Atlantic Bight in the coming years.
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