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ABSTRACT: We identify step-changes in the physical, chemical and biological characteristics
of the Gulf of Maine (GoM) using the Gulf of Maine North Atlantic Time Series (GNATS), a series
of oceanographic measurements obtained between September 1998 and December 2010 along a
transect in the GoM running from Portland, ME, to Yarmouth, NS. GNATS sampled a period of
extremes in precipitation and river discharge (4 of the 8 wettest years of the last century occurred
between 2005 and 2010). Coincident with increased precipitation, we observed the following
shifts: (1) decreased salinity and density within the surface waters of the western GoM; (2) both
reduced temperature and vertical temperature gradients in the upper 50 m; (3) increased colored
dissolved organic matter (CDOM) concentrations and particle scattering in the western GoM,; (4)
increased concentrations of nitrate and phosphate across all but the eastern GoM; (5) increased
silicate, particularly in the western GoM, with a sharp increase in the ratio of silicate to dissolved
inorganic nitrogen; (6) sharply decreased carbon fixation by phytoplankton; (7) moderately
decreased chlorophyll, particulate organic carbon (POC) and particulate inorganic carbon (PIC) in
the central GoM and (8) decreased POC- and PIC-specific growth rates. Gulf-wide anomaly
analyses suggest that (1) the surface density changes were predominantly driven by temperature,
(2) dissolved nutrients, as well as POC/PON, varied in Redfield ratios and (3) anomalies for salin-
ity, density, CDOM, particle backscattering and silicate were significantly correlated with river
discharge. Precipitation and river discharge appear to be playing a critical role in controlling the
long-term productivity of the Gulf of Maine by supplying CDOM and detrital material, which ulti-
mately competes with phytoplankton for light absorption.
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INTRODUCTION
Coastal waters — continuum from land to sea

Coastal marine environments are characterized
by strong hydrographical, chemical, biological and
bio-optical gradients. As such, they represent a
mixing continuum from land to sea. The combina-
tion of shallow depths, tidal influence, storm-
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induced mixing and additions of buoyant fresh
water from rivers make coastal systems complicated
and difficult to predict in space and time. This
complexity reaches into biogeochemistry; from a
carbon perspective, it is still not known whether
coastal systems are sources or sinks for carbon
(King et al. 2007).

One of the most challenging contemporary sci-
entific problems is to model the global carbon
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cycle and the influence of humans on it. Our
knowledge of the individual components of the
global carbon cycle is improving but is still rudi-
mentary (Denman et al. 2007). Carbon cycling,
storage and transport in coastal marine systems
have become critical issues in global change sci-
ence (Karl et al. 2009). While changes in the river-
ine export of carbon from watersheds have been
observed in North America and Europe, identifying
the key drivers for these changes, especially those
associated with climate, has been problematic
(Raymond & Oh 2007).

The most synoptic method for sampling large
areas of coastal waters is remote sensing. For visi-
ble-band remote sensing, coastal marine optics are
complex (Mobley 1994), mainly due to the introduc-
tion of blue-absorbing humic materials via rivers,
intense blooms of blue-green absorbing phyto-
plankton and regular, energetic resuspension of
sediment particles via tides, waves, wind-driven
mixing and strong boundary-layer advection along
the land-sea boundary. Coastal waters are charac-
terized by strong gradients and abundant frontal
boundaries, which make it difficult to differentiate
time-dependent change from spatial variability
within an advecting field, using time series based
on a single mooring or station. This is why multi-
station or transect time series —repeated runs of a
transect—are critical in coastal time series to docu-
ment change in coastal waters and for better defini-
tion of spatially varying water mass boundaries.
Moreover, because of the high spatial and temporal
variability observed in coastal waters, climate
change impacts on the coastal environment require
time series of sufficient length to increase the statis-
tical power and discern the signal through the con-
siderable interannual noise. Adding to the problem
of defining long-term change is the nature of cli-
mate change itself, typically characterized by non-
linear, threshold-style change instead of long-term
gradual change (Schmittner & Weaver 2001, Rial et
al. 2004, Walther 2010). The same problems with
documenting past significant change in coastal
environments are manifest when modeling future
changes.

One coastal ecosystem subject to considerable
climate change is the Gulf of Maine (Pershing et al.
2001), with strong terrestrial and ocean inputs of
dissolved and particulate carbon. Given the strong
connections between land and ocean in this shelf
sea, it is necessary to review both the Gulf of
Maine as well as the physiography of its surround-
ing watersheds.

Gulf of Maine (GoM) watersheds

The physiography of Maine and New Brunswick is
characterized by hilly to mountainous plateau terrain
in the western sections and hilly lowlands in the cen-
tral and southeastern coastal region (Toppan 1935,
Rampton et al. 1984). The climate is humid con-
tinental (Peel et al. 2007), and precipitation ranges
from ~0.9 m yr~! in the north to as much as 1.20 m yr!
in the coastal sections (Prism Group, Oregon State
University, http://prism.oregonstate.edu, accessed 19
October 2009). The liquid precipitation is relatively
evenly distributed over the seasons. The annual
snowfall ranges from ~1.50 m yr~! in the southern and
coastal sections to >2.0 m yr~! in the inland regions
(Cember & Wilks 1993). The typical seasonal pattern
of streamflow shows a distinct spring peak during
snowmelt, with lowest flows during late summer and
early fall (Hodgkins & Dudley 2005). The runoff, or
water vyield (rainfall minus evapotranspiration),
ranges from 55% to 65 % of rainfall inputs (Randall
1998). While major GoM watersheds have been
gauged (in both US and Canadian territories), there
has been only sporadic (not long-term, continuous)
characterization and monitoring of water quality.

The total area of the watershed draining into the
GoM is 179000 km? within which there are 25
watersheds. The total discharge into the GoM is
estimated to be ~3000 m® s™! (Meade & Emery 1971).
Fourteen watersheds contribute ~50% of the fresh-
water influx. The St. John River is the largest river
flowing into the GoM, draining an area of ~55000 km?,
with an average daily discharge of ~990 m® s~!. The
Penobscot River, ME, is the second largest river in
New England, draining a 20109 km? watershed
(Fig. 1). The average discharge is ~341 m® s, peak-
ing in March to April with a second peak from
November to December.

Maine watersheds are primarily composed of
forested land (~89 %) (Griffith & Alerich 1996). Of the
remaining land, 5% 1is covered by ~5700 lakes,
swamps and ponds >0.4 ha, and 4 % is used for agri-
culture. Palustrine wetlands occupy ~26 % of the land
area in Maine; 60 % of these wetlands are forested,
and the remainder are covered by scrub/shrub or
emergent vegetation. Of the organic carbon trans-
ported in Maine (plus New Brunswick and Nova
Scotia) rivers, ~90% is in the form of DOC (Wetzel
1975), with concentrations typically ranging from 4
to 15 mgC17!, lowest in winter and spring regardless
of the level of discharge, higher in summer (low-
or high-flow periods) and highest in fall (high-flow
periods) (also observed by Cronan et al. 1999).
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Century-long time series have been collected for
specific watersheds, such as the Penobscot water-
shed (with a 107-yr record of meteorological and dis-
charge data). Accumulating evidence suggests that
anthropogenic-induced climate change has resulted
in a more intense hydrological cycle, manifested in
increasing rates of evaporation and precipitation dur-
ing the 20th century (Huntington 2006). Many river
basins, including those draining to the GoM, have
had increasing runoff and more intense rainfall (Wal-
ter et al. 2004, Keim et al. 2005, Hayhoe et al. 2007,
Madsen & Figdor 2007), with longer intervening dry
periods (Groisman & Knight 2008). There is also evi-
dence for an increase in the magnitude of floods in
New England during the last 75 yr (Collins 2009).

Gulf of Maine

The GoM is a semi-enclosed shelf sea, with deep-
est depths of 370 m. There is one location, the North-
east Channel, where either North Atlantic Slope

66° 652 flow is shown with white arrows

100 km

Water (NASW) or Labrador Sea Water (LSW) can
enter into the GoM, over a sill (230 m deep) (Fig. 1).
Periods of inflow have been observed over 3 to 7-wk
periods (Ramp et al. 1985). Flows through the North-
east Channel are not steady through time and can
reverse (Pettigrew et al. 2011). The GoM has tradi-
tionally supported a productive fishery due to high
rates of primary production (O'Reilly & Busch 1984,
Balch et al. 2008). The mean surface circulation is
geostrophic and primarily counterclockwise. Water
enters the GoM from the Scotian shelf around the
southern flank of Nova Scotia, looping northward
into the Bay of Fundy, where it is mixed by strong
tidal currents with the buoyant outflow of the St.
John River. It then heads southwestward as the East-
ern Maine Coastal Current (EMCC) (Fig. 1) (Brooks
1985). Some of the along-shelf flow veers offshore
near Penobscot Bay as the Extension of the Eastern
Maine Coastal Current (ExtEMCC) (Brooks &
Townsend 1989, Pettigrew et al. 1998). To the south
of Penobscot Bay, the Maine coastal current contin-
ues in a southwestward direction as the Western
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Maine Coastal Current (WMCC) (Xue et al. 2000).
Long-term nutrient observations near the Northeast
Channel suggest the possible alternating influence of
high-salinity, warm North Atlantic Slope Water
(NASW) versus colder, fresher, silicate-rich Labrador
Sea Water (LSW) flowing into the GoM, and this
could have ramifications for the overall productivity
and abundance of specific functional groups, such as
diatoms and dinoflagellates (Thomas et al. 2003,
Townsend et al. 2005, 2010). Ji et al. (2008) have
suggested, using ocean-color remote sensing plus
100-m-deep hydrographic measurements, that an
increasing influence of lower salinity water (originat-
ing in the LSW and Nova Scotian shelf) is the cause
of earlier spring blooms because the added strati-
fication stabilizes the water column earlier. It also
impedes the upward mixing of nutrients, hence in-
ducing a westward temporal progression of phyto-
plankton blooms from the Scotian Shelf (SS) waters
into the eastern GoM and ultimately western GoM.
Chlorophyll a (chl a) concentrations are highest near
the coastal boundaries, dropping in the middle Gulf,
and they show an annual cycle with a March spring
bloom (associated with vernal warming and shallow-
ing mixed layers) and a fall bloom (associated with
renewed mixing and turnover) (Thomas et al. 2003).

Gulf of Maine time series

Two sets of time series observations in the GoM
are the Gulf of Maine Ocean Observing System (GO-
MOQOS) (Pettigrew et al. 2008) and the Gulf of Maine
North Atlantic Time Series (GNATS) (Balch et al.
2004). The former consists of buoy measurements of
mostly physical data along the Maine coast with one
mooring in Jordan Basin. The latter is a roughly east-
west transect time series across the GoM at 43.75° N,
begun in 1998, operating from late spring to early fall
on ships of opportunity (mainly seasonal ferries) until
2006, then year-round thereafter using other vessels
in the winter months. Complete details of the route
and variables sampled can be found in earlier work
(Balch et al. 2004, 2008). GNATS data consist of both
continuous measurements for hydrography and an
entire suite of inherent optical properties (spectral
absorption, scattering and attenuation) and apparent
optical properties (spectral above-water radiometry).
Discrete samples were taken from a flowing seawater
system for chemistry (nutrients) and biology (pig-
ments, phytoplankton cell counts, particulate organic/
inorganic carbon, biogenic silica, “C-primary pro-
duction, C-calcification, cell counts and particle size

distribution). Vertical profiles of temperature were
also made at all of the discrete stations using expend-
able bathythermographs (XBT) and/or Moving Vessel
Profiler deployments (Brook Ocean Technology) to
measure temperature, salinity and chlorophyll fluo-
rescence as a function of depth. Since 2008, a Slocum
electric glider has been deployed seasonally (approx-
imately 4 times per year) along the GNATS line to
better understand the vertical distribution of optical
and hydrographic properties. Weather forecasting
was used to plan GNATS trips to coincide with
clearsky days to synchronize with ocean color and
thermal-band satellite measurements, which allows
better extrapolation of the transect measurements to
the entire Gulf. We also gathered other historical
datasets from this same transect to extend GNATS
analyses further back in time.

The Gulf of Maine: a highly-documented
continuum from land to sea

Here, we begin with a description of century-long
climate records for temperature and precipitation,
taken at 3 independent weather stations in and
around the Penobscot watershed in Maine, the sec-
ond largest watershed in the region. We also include
a century-long time series of Penobscot River dis-
charge to show the nature of freshwater discharge
into the GoM. This is provided as a backdrop for
describing the decadal trends in the GNATS data, in
which we present the ship-based hydrographic,
chemical, biological and bio-optical trends for the
12.3-yr (hereafter 12-yr) data record between Sep-
tember 1998 and December 2010. We will address
the question of the space-time distributions of prop-
erties along the transect, as well as monthly Gulf-
wide anomalies. Interrelationships among the vari-
ous anomalies will be analyzed as we explore the
linkages within this complex ecosystem as well as the
influence of freshwater discharge from the terrestrial
watersheds surrounding the Gulf. Discussions of the
phytoplankton enumeration, particle size and the
glider data will be presented elsewhere.

METHODS
Climatological data
To frame the physical, chemical, biological and bio-

optical variability of the GoM, we used observations
from the US Historical Climatology Network (http://
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cdiac.ornl.gov/epubs/ndp/ushcn/ushen.html). Data
were accessed for 3 weather stations in Maine
(Fig. 1): Gardiner, Corinna and Acadia. These sta-
tions were chosen because they are on either side of
the Penobscot watershed (Gardiner and Acadia) as
well as within this watershed (Corinna). Data speci-
fics are discussed elsewhere (Peterson & Vose 1997,
Vose et al. 1998); all 3 weather stations recorded air
temperature data from 1895 to 2009 inclusive. Mean
annual precipitation was also documented for the
same time period. Annual streamflow data were
available for 107 yr from the US Geological Survey
(USGS) stream gauge on the Penobscot River at West
Enfield, ME (station ID no. 01034500). These data
were accessed from the National Water Information
System (NWIS) online database, http://nwis.water-
data.usgs.gov/nwis/sw, on 26 October 2011.

GNATS description

GNATS sampling between Portland, ME, and Yar-
mouth, Nova Scotia, has been described previously
(Balch et al. 2008), with trips performed monthly to
semi-monthly. The only difference to note here is that
winter cruises began in February 2006 (i.e. the time
series became year-round). Nonetheless, there were
occasional gaps of as much as 2 mo between ship trips
during the winter due to unsafe wintertime sea-states.
Previously, the sampling was performed aboard the
MS 'Scotia Prince' ferry between May and October,
concurrent with its seasonal schedule. The opera-
tions were moved to a high-speed catamaran ferry,
MYV 'The CAT', in fall 2006. During the months with
no ferry, the sampling was performed on 3 vessels: FV
‘Ella & Sadie’, RV 'Argo-Maine’ and RV 'Connecticut’.
In fall 2009, the ferry MV 'The CAT' stopped running,
and the sampling thereafter was performed from the
RV ‘Argo-Maine' and RV ‘Connecticut’.

Calculation of space-time variability and
Guli-wide anomalies

Spatial and temporal changes in the GNATS data
were observed using Hovmoller plots, with time on
the y-axis and longitude (for the nearly east-west
ship transect) on the x-axis. The kriging parameters
used for contouring the Hoévmoller plots are de-
scribed elsewhere (Balch et al. 2008). Data for analy-
ses of anomalies were averaged across the entire
GNATS transect. Gulf-wide anomalies were calcu-
lated by first binning the data from each cruise into

monthly averages estimated from the entire 12-yr
database, then comparing the mean for any single
month with the monthly mean for the entire dataset.
For example, the Gulf-wide anomaly for June 2002
was calculated by comparing the mean for all of the
cruises performed during June 2002 with the mean of
all of the June GNATS cruises.

Inclusion of historical data in the GNATS database

To examine variability along the GNATS transect
over longer time scales, historical data for tempera-
ture, salinity and chl a were obtained from 3 sources.
(1) Charles Yentsch and David Phinney (Bigelow Lab-
oratory, unpubl.) sampled between July 1978 and
January 1981. (2) Carl Boyd (Dalhousie University)
(Boyd 1985) sampled between June 1981 and Novem-
ber 1982 (see also Bisagni et al. 1996). Both of these
datasets were acquired approximately monthly from
the MV ‘Marine Evangeline' ferry running along the
GNATS transect. Expendable bathythermograph ob-
servations were also available from these datasets to
calculate vertical temperature gradients over the up-
per 50 m of the water column. (3) The NOAA Marine
Resources Monitoring, Assessment and Prediction
(MARMAP) database (1977 to 1987) (Campbell &
O'Reilly 1988, Mountain & Manning 1994) was also
sub-sampled for temperature, salinity and chl a at
locations within +5 km of the GNATS sample line.

RESULTS
Climatological changes

Data from the US Historical Climate Network
demonstrate statistically significant increases in air
temperature over the century. The combined data
from all 3 stations (Fig. 2a) showed a moderate corre-
lation between temperature and year, but the rela-
tionship was nonetheless highly significant (Fig. 2a,
Table 1, Eq. 'a’; henceforth, references to the equa-
tions in Table 1 will be followed by the letter desig-
nating the appropriate row of the table, e.g. Table 1a);
the units and associated statistics for each equation
(e.g. standard error for each fit parameter, correlation
coefficient, F-statistic, degrees of freedom, and prob-
ability of computing these fits by chance) are
provided in Table 1. The overall slope translated to
about +1.1°C per century, and there appeared to be a
change in the slope in the late 1950s. There was also
strong covariance of the temperature records. For ex-
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mean precipitation was 1.18 m yr!

(median = 1.15 m yr!, SD = 0.23 m yr,
df = 345, max. = 1.89 m yr’!, min. =
0.66 m yr!). Moreover, when all of the
data for the 3 sites were combined, there
was a low and barely significant correla-
tion between total annual precipitation
(m yr!) and year (p < 0.02) (Table 1d).
While the absolute total annual precipita-
tion had little significant change over the

century, the variance in mean decadal
precipitation almost doubled over the
sampling period (Fig. 3b). The variance in
decadal precipitation and year showed
a moderate correlation, which was highly

9: l
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y=1.14x102 x-15.788 (Eq. a)
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significant (Table le).
The GNATS stations were sampled

through extremes in precipitation. During
the 12-yr period of observation, 4 of the 8
highest annual rainfall years in over a

Mean temperature (°C)

century occurred at the Gardiner, ME,
station, with total annual precipitation

(including precipitable water from snow-
fall) >1.4 m yr* in 2005, 2006, 2008 and
2009. Moreover, the highest precipitation

year since 1895 occurred in 2005 (Fig. 3a),
also during the GNATS sampling period.

Lastly, the third driest year in over a cen-
tury was in 2001. The discharge at the W.
Enfield station on the Penobscot (Fig. 3c)

showed peaks and troughs that were well
synchronized with the precipitation mea-
sured at the Corinna weather station,

42 e L EE i o R

1900 1920 1940 1960 1980
Year

Fig. 2. (a) Annual mean temperature at 3 weather stations, 2 flanking
(Acadia and Gardiner, ME) and 1 within the Penobscot watershed, from
1895 to 2009. Data are from the United States Historical Climatology Net-

2000 within the Penobscot watershed (Fig. 3a).
Indeed, the precipitation and discharge
records were correlated with an r? of 0.65
(Fig. 3d, Table 1f), with a highly signifi-
cant linear, least-squares relationship.

work (NOAA, National Climatic Data Center). The least-squares fit equa-
tion is shown; standard error for each statistically fit variable, statistical
correlation, F-statistic, degrees of freedom (df) and the probability of the

statistical fit by chance (p) are given in Table 1 for this and subsequent fig-

GoM hydrographic changes

ures. (b) Mean temperature records from panel a, separated on the Y axis

to better show the covariance of individual records

ample, the temperatures at Acadia (Tacaqia) and
Corinna (Tcernna) Showed strong correlation to the
temperature at Gardiner (Tgaginer) (Table 1b,c, re-
spectively). This high correlation can be seen in the
comparison of the individual data records where
peaks and troughs typically aligned (Fig. 2b).
Precipitation showed no significant changes in
trend over the century (Fig. 3a) at any of the 3 sites
individually (p > 0.05). For all 3 weather stations, the

The sea surface temperature (SST),

temperature gradient over the top 50 m,

salinity and density all showed strong changes after
2005 (Fig. 4). Temporally, the summer SST values in
the Western Maine Coastal Current (WMCC) were
13 to 15°C prior to 2005, but then dropped ~1°C from
2005 to 2008. In 2010, the waters showed a warming
trend towards pre-2005 values (Fig. 4a). The Hov-
moller plots contoured data with a spatial scale of 0.1
degree of longitude (~8 km at the latitude of GNATS;
x-axis) and 14 d (y-axis); thus, the step-change in
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temperature was not related to the inclusion of win-
ter data beginning in February 2006. Indeed, to ver-
ify this, the same kriging analysis was performed for
only the data from May to October in the Hovmoller
plots for all years, and the same step-change in tem-

perature was observed (results not shown). Spatially,
the Hovmoller plots show that warm, salty surface
water characterized the middle of Jordan Basin (JB),
while cooler, fresher water characterized the waters
of the SS and ExtEMCC (Fig. 4a).

Vertical temperature gradients over
the top 50 m showed variability in both

Mean ann. precipitation
(myr)

space and time (Fig. 4b). Spatially, the
results showed lower vertical tempera-
ture gradients in SS and ExtEMCC
waters than in the JB. Temporally, verti-
cal temperature gradients in the period
between late fall and early spring were
lower than in the period from late spring
to early fall. Moreover, temperature gra-
dients in the JB were typically 0.15 to
0.2°C m™! near the summer solstice (Fig.
4Db), but in 2005, the JB summertime ver-
tical temperature gradients dropped to

0.4

—_ o -1 :
% ’é 0.35 b y= 0.00107 x — 1.9223 (Eq e) 0.1°C m~. While the 50 m temperature
® ~ 034 gradient also appeared to decrease in
S5 08 -4
% ‘S 0.25- 2z .« 2 = the SS water after 2006, there were re-
> g 0.2 — ¢ 2 rlr latively few data points on which to base
[ 0.15 ---e---Acadia " e a | S i i Lo
T g 04| [~ Corinna T a this conclusion due to logistics of sam-
2 g 005 L—— Sandiner A pling. Salinity showed the largest de-
< o1 S S S — creases (to 26 PSS) in the ExtEMCC and
o 600y WMCC after 2005, which continued
5 5001 C through 2010 (Fig. 4c).
§ = 40(@ The net effect of the temperature and
R 3002 salinity changes was that the density of
ng 200% JB surface waters in the summer months
LT increased ~1 6, unit (1 kg m~) in 2006
§: 0 i e I N I N S (Fig. 4d), and the lowest density water of
1900 1920 1940 1960 1980 2000 the GNATS time series was observed in
Year the WMCC from 2008 to 2010.
600
o 550 4
2 500 .
g as0.d Nutrient changes
@ 400}
© o 450 3 Nutrients were measured in GNATS
%g gggf beginning in late spring of 2002 and
c 200 3 increased dramatically in 2007. Dis-
<% 250 3 . . y = 354.8 x — 38.23 (Eq. f) solved inorganic nitrogen (DIN; here
128 E _ ' ' ‘ including only nitrate plus nitrite) in-
0.8 1 1.2 14 1.6 1.8 creased 10- to 30-fold in the JB,

Precipitation (m yr=")

Fig. 3. (a) Annual mean precipitation at the same 3 weather sites shown in
Fig. 1, with offset y-axes. (b) Standard deviation of decadal mean precipi-
tation since 1895. Least-square linear fit equation, line and statistics
shown. (c¢) Annual average discharge of Penobscot River at West Enfield,
ME (in m® s7}), beginning in 1903. Time scale (x-axis) of this panel aligns
with the above panels. (d) Scattergram of annual average discharge at W.
Enfield, ME (m® s7!), versus annual average precipitation at Corinna, ME
(m yr!). Least-squares linear fit line, equation and statistics also shown

ExtEMCC and WMCC. Values in the SS
water on the eastern side of the GoM did
not show this change (Fig. 5a). Phos-
phate also mirrored this trend but
increased ~2.5-fold in the WMCC,
ExtEMCC and JB and did not change in
the SS waters. Silicate showed a differ-
ent pattern, however, with concentra-
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tions essentially similar over the time series in JB and
SS waters, with a dramatic overall increase of ~4-fold
in the ExtEMCC and WMCC waters, from 0.4 to
1.6 pM. Indeed, elevated silicate values were ob-
served in 2008 and 2009 in the WMCC (Fig. 5¢).

Biological changes

The standing stock of phytoplankton (as chlorophyll
biomass and total particulate organic carbon [POC])
generally decreased after 2005. For chl a concentra-
tion, the decline was subtle and visible mostly in the
JB and SS waters. The elevated chlorophyll, which
characterized the frontal boundary between JB and
SS waters (66.7°W) from 1999 to 2004, decreased in
magnitude thereafter (Fig. 6a; note logarithmic color
scale bar). Moreover, while extracted chl a concentra-
tions in JB waters were 1 to 3 ug 1! prior to 2005,
post-2005 concentrations were typically ~0.3 pg 17
near the summer solstice, and by 2010, values of
1.5 ng 1! were observed again (Fig. 6a).

A similar, but stronger trend to what was seen for
chlorophyll was observed in the POC data (Fig. 6b).
Note that all of the POC samples from 2004 were lost,
causing the gap in the Hovmoller plot. Nonetheless,
the POC concentration dropped from ~175 ngCI1~ to
125 ugCl‘l, a drop of 30 % from 2006 to 2009, with a
slight increase again in 2010. PIC showed an overall
decrease in 2006, especially in the JB. The SS and
WMCC waters were characterized by increased PIC
concentrations in 2006.

Maximum photosynthesis (ug 1"! d-!) showed an
order-of-magnitude drop from 2006 to 2007 (Fig. 7a),
with a slight resurgence of the P,,, values at the
JB-SS boundary in 2009. The same was true for
chlorophyll-normalized maximum production (P,’),
although the relative changes were not quite as large
(Fig. 7b). Of all of the rate measurements, calcifica-
tion showed a clear decrease after the summer of
2007, decreasing to barely measurable values with
little resurgence thereafter (Fig. 7c).

Absorption and backscattering of the dissolved and
particulate material showed a step-change after 2005
on the western side of the GoM. The dissolved
absorption at 412 nm, ag4, (dominated by humic
materials) (Kirk 1994), was strongly enhanced in the
ExtEMCC and WMCC on the western side of the
Gulf (Fig. 8a). Particulate plus dissolved absorption
at 440 nm (agps40) (Fig. 8b) showed the same trend as
ags40 but with added peaks on the eastern side of the
Gulf, in SS waters. The values of ag412 and agp412in JB
showed little change over the entire time series. Par-

ticulate backscattering at 532 nm, byps3,, was highest
in the nearshore waters after 2005 (Fig. 8c). In 3 years
(2005, 2006, 2010), elevated values of byyss, were
observed in JB waters.

Properties derived from multiple GNATS variables
also are shown as Hovmoller plots (Fig. 9). For exam-
ple, using the parameterization of the phytoplankton
package effect (chlorophyll-specific absorption cross
section; a*440, with units of m? mg chl™!) as a function
of chlorophyll (Bricaud et al. 1998, their eq. 2'), we
calculated the phytoplankton absorption at 440 nm
(@¢440) based on measured chlorophyll. We then com-
pared this to the measured total particulate and dis-
solved absorption (agp440). The ratio of agpss0:@pas0. i-€.
the ratio of the total particulate and dissolved absorp-
tion to just the phytoplankton absorption at 440 nm,
was typically highest in the WMCC and Ext EMCC
associated with fall freshets each year (ratios >10)
(Fig. 9a). For 1 year (2002), there were elevated ratios
observed in these waters for the entire year, reaching
all the way to the interior of the JB. In 2005 and
2007 to 2010, there were sustained periods when the
Agpaao: Agaso Tatio was as high as 15 in the WMCC and
ExtEMCC for more than just the fall freshets.

Carbon-specific growth rates of the POC and PIC
were derived by dividing the carbon fixation rates by
their respective standing stocks. Note, this implicitly
assumes that all POC is living, which we know is not
the case (Verity et al. 2000); hence, the growth rate
calculations given here are conservative. Carbon-
specific growth rate estimates prior to the step
decrease in photosynthesis were ~0.4 d~! across most
of the GoM, except at the frontal boundary between
the SS and JB waters from 2001 to 2002, where
growth rates exceeded 1 d™! (Fig. 9b). After the pro-
ductivity step decline in 2007, POC-specific growth
rates dropped precipitously to <0.1 d~! across the
GoM. PIC growth rates calculated in the same fash-
ion were always low in the SS water and ~0.2 to
0.3 d7! for the remainder of the Gulf until late 2007
(Fig. 9¢).

Guli-wide anomaly plots

Monthly Gulf-wide anomalies showed coherent
changes over time (Figs. 10 to 14). For example, the
GoM SST was characterized by an anonymously cool
period during September 1998 and between July
2001 and August 2005. Warmer than average condi-
tions characterized the GNATS transect from 1999 to
June 2001 and from August 2005 to the end of 2010,
with brief cool intervals during June and July of 2007
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Large ticks on x-axis represent the mid-
year (summer solstice) of each respec-
tive year. Fine horizontal lines above
and below the ‘zero’ anomaly line repre-
sent 1 SE about the group mean. (d)
Scattergram of 50 m vertical tempera-
ture gradient anomaly plotted against

2000 2002 2004 2006
Year

and 2009 (Fig. 10a). The average vertical tempera-
ture gradient (over the top 50 m) generally showed a
similar, but not identical, pattern to the SST anomaly;
that is, the gradient was anomalously high from 1998
to late 2002, followed by an anonymously low gradi-
ent from May 2002 to June 2004. Vertical tempera-
ture gradients thereafter were generally higher than
normal until the end of 2010, with a few exceptional
months with the low temperature gradients in
August 2006 and April to June 2009 (Fig. 10b). Salin-
ity anomalies were negative in 1998 and May 1999
and then were mostly positive until May 2005. There-
after, salinity anomalies showed a higher frequency
of negative values (-0.75 to -1 PSS) (Fig. 10c). The
Gulf-wide anomalies for vertical temperature gradi-
ents were significantly correlated to the SST anoma-
lies (Fig. 10d, Table 1g). The density anomalies were
significantly inversely correlated to the SST anom-
alies (Fig. 10e, Table 1h).

The variability observed in the nutrient anom-
alies (DIN, phosphate and silicate) was correlated
(Fig. 11). From the start of sampling to spring 2003,

2008

SST anomaly. (e) Scattergram of density
anomaly plotted against SST anomaly

L 1
2010

the monthly Gulf-wide nutrient anomalies were gen-
erally positive. From summer 2003 to autumn 2006,
the monthly anomalies for all 3 nutrients became
negative. The Gulf-wide anomalies once again be-
came positive from 2007 to 2009, after which they
cycled into the negative, becoming positive again in
2010. The ratio of silicate to DIN reached 100 during
2002, when nitrate values were close to undetectable
(Fig. 11d). Thereafter, the values were anomalously
low. The DIN:DIP ratios covaried with the overall
nutrient concentrations (Fig. 11le). That is, the
DIN:DIP ratio showed anomalously negative values
in 2005, when nutrients were generally low. High
DIN:DIP ratios resulted when both DIN and DIP were
anomalously high (compare Fig. 11e with Fig. 11a,
b,c). Gulf-wide anomalies for DIN versus PO, or DIN
versus silicate showed significant correlations
(Fig. 11f,g, Table 1i,j, respectively). The Gulf-wide
nutrient anomalies were inversely correlated with
the vertical temperature gradient, but the correlation
was low, and none of the relationships were statisti-
cally significant (at o < 0.05; data not shown).



24 Mar Ecol Prog Ser 450: 11-35, 2012
5 T T T T T T T T T T T 2-5 |
N a —  23f y=8799x-1.0x107 (Eq.i) &
S 2 151
= = -
2 > 1 s
Q | 1) g O .
z 0 Ll " L. 3 = 01 .o
+ I 2 -05]
) -13
z % -1.53 ]
23 Redield (61 ®
-5 ! L L L L ! L L L L 25t+t+—F+—F7+F 7T
-0.2 -0.1 0 0.1 0.2
0.2 T T T T T T T T T T T PO4 anomaly (“M)
= |b
=
=
> u u —
S ﬂ s
g 0 ol {I Ill [‘ |Vl e =1 °
: Ul :
© ©
X =
©) o
o
I I ! ! ! I ! ! ! 1 ! % ~
-0.2 = pAAE
= 5 =) i -
S ' ' ' T * ' ‘ f ' ‘ ' y =0.5922 x + 2x1077 (Eq. j)
3 C T L
= 3 -2 -1 0 1 2 3 4
g Si(OH), anomaly (uM)
8 0 uﬂﬂ lﬂ_ﬂj L e . S HI_ | I II
©
9 I | Il
I
e
n
_5 L L L 1 1 1 L L 1 L L
200 T T T T T T T T T
>
IS d
£
2 100} :
©
=
2 |
by " = Ly v
< 0 T T 1
Q Fig. 11. Gulf-wide monthly anomaly
(/)_1 0oL— , . , . . , . . . plots for (a) nitrate plus nitrite (DIN),
(b) phosphate, (c) silicate, (d) sili-
55— - r r r r r r r r cate:DIN ratio and (e) DIN:DIP ratio.
> e (f) Scattergram of DIN anomaly
© plotted against inorganic phosphate
£ anomaly. Redfield ratio (dashed
% . I line) shown for reference. (e) Scat-
a © by R B Il i tergram of DIN anomaly plotted
=) against silicate anomaly. Equimolar
= concentrations (dashed line) shown
=) for reference. Other aspects of
5l | ‘ . l ’ | . . ‘ . anomaly histograms as described
1998 2000 2002 2004 2006 2008 2010 in Fig. 10
Year

Gulf-wide anomalies of standing stocks (POC,
PON, PIC and BSi) showed considerable variability
over multi-year scales (Fig. 12). For POC and PON,
the anomalies were mostly positive from 1998 to
2005, after which more significant negative anom-
alies ensued through 2009, followed by positive

anomalies during 2010 (Fig. 12a,b). PIC anomalies
fluctuated between positive and negative on time
scales of several months from 1998 to 2005, but neg-
ative anomalies clearly dominated from summer
2007 to the end of 2010 (Fig.12c). Biogenic silica (BSi)
measurements were not started until 2004, and thus,
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anomaly. Other aspects of anomaly
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the record is much shorter in duration. Nonetheless,
negative anomalies of BSi dominated over the same
months that negative PIC anomalies were observed
(Fig. 12d). It is worthy of note that the POC and PON
anomalies showed significant covariance (Fig. 12e,
Table 1k). Moreover, the POC anomaly also showed
significant covariance with the chlorophyll anomaly
(Fig. 12f, Table 11).

Anomalies of phytoplankton chlorophyll biomass
(Fig. 13a) showed decreasing trends (i.e. predomi-
nantly positive anomalies to predominantly negative
anomalies) over the GNATS region since 1998. Car-
bon fixation showed decreasing anomalies since

2008

2010 histograms as described in Fig. 10

2001 (Fig. 13b,c). The largest positive anomaly for
carbon fixation (both photosynthesis and calcifica-
tion) was observed over a single month, during Sep-
tember 2006 (Fig. 13b,c). Primary production was
significantly correlated with chlorophyll, calcification
rate and POC (Fig. 13d-f, Table 1m-o0).

Anomalies for CDOM absorption at 412 nm (ag412)
and dissolved plus particulate material (agp412) showed
a step increase in the GNATS data in late 2004, when
the anomalies showed their first positive values
(Fig. 14a). Since then, the anomalies of ag412 and agpa12
(Fig. 14b) have remained positive, with only a few ex-
ceptions. These 2 optical properties have covaried
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POC anomaly. Other aspects of anomaly histograms as described in Fig. 10. Anomalous datum marked with ‘?’ not used in
estimation of least-squares relation

with low to moderate correlation (Fig. 14e, Table 1p).
CDOM absorption had a statistically significant corre-
lation with salinity (Fig. 14f, Table 1q). The backscat-
tering of particulate material at 532 nm showed pre-
dominantly negative anomalies through the fall of
2004, followed by highly positive anomalies from
2005 to 2006 (Fig. 14c). Negative anomalies prevailed
from 2007 to 2008 (the same months that POC experi-
enced consistently negative anomalies), and predomi-
nantly positive anomalies prevailed thereafter. Acid
labile backscattering (due to calcium carbonate;
by,'s3,) showed, like byys3,, predominantly negative
anomalies through fall 2004, followed by zero or posi-
tive anomalies through 2008 and, since then, decreas-
ing, negative anomalies (Fig. 14d).

Relationship of GNATS variables to river discharge

To examine the variability of GNATS variables to
river discharge, Gulf-wide anomalies were averaged
for the 4-mo period between June and September
(the months consistently sampled throughout the
GNATS series). Many of these annual average anom-
alies were significantly correlated to the annual aver-
age Penobscot discharge at the W. Enfield, ME,
stream gauge (see location in Fig. 1). For example,
Gulf-wide salinity anomalies were negatively corre-
lated to the annual average Penobscot discharge
(Fig. 15a, Table 1r). Moreover, the variance associ-
ated with each average salinity anomaly increased
with greater river discharge (Fig. 15b, Table 1s).
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Similarly, Gulf-wide density anomalies decreased as
river discharge increased (Fig. 15c, Table 1t). Gulf-
wide CDOM absorption increased with mean annual
average Penobscot River discharge (Fig. 154,
Table 1u), as did Gulf-wide particle backscattering
(Fig. 15e, Table 1v). Guli-wide surface silicate con-
centrations showed a statistically significant de-
crease as river discharge increased (Fig. 15f,
Table 1w). Although nitrate/nitrite and phosphate
both showed negative correlations with river dis-
charge, the relationships were not significant at
o < 0.05 (data not shown).

s 1 L
2008

as described in Fig. 10. Anomalous
datum marked with '?' not used in esti-
mation of least-squares relation

L 1
2010

Extending GNATS ifrom 1977 to 2010

Data from the Yentsch & Phinney, Boyd and
MARMAP datasets were aggregated to test the null
hypothesis that the changes in temperature, 50 m
temperature gradient, salinity and chl a were not
significantly different from zero. Due to geographic
differences in the portions of the GNATS transect
that were available from each dataset, we could
only focus on data from the JB portion of the tran-
sect (which was the most common water mass sam-

pled among the various datasets). Moreover, to
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ensure that movement of the water mass bound-
aries did not bias the results, the longitude range
for the analysis (67.25-68.5°W longitude) was pur-
posefully narrowed to ensure that the JB water was
always sampled within the normal range of the
water mass boundaries. The net result was that by
focusing on JB only, the reduced geographic vari-
ability increased the statistical power of the hypoth-
esis testing, at the expense of data from the bound-
ary regions. In all cases, the results demonstrated
that the time courses of each variable showed
extremely subtle changes over time (Table 2). Over

the 1977-2010 extended database, the mean
change in temperature was 0.018 (x0.008)°C yr?,
>2 SE above zero (p < 0.05). The temperature gra-
dient in the top 50 m, averaged over the 34 yr,
showed a decrease of —5.3 x 107 (x4.1 x 107%)°C
m™' yr!, not statistically different from zero.
Salinity showed a mean decrease of -0.0087
(£0.0039) PSS yr!, which was 2 SE different from
zero (p < 0.05). The mean trend in chlorophyll
was —0.015 (x0.011) mg m™ yr!, not statistically
different from zero.

DISCUSSION

Table 2. Results of retrospective data analysis over the last 34 yr (1977—

2010), in which the mean rates of change were calculated and the null
hypothesis was tested (H,: rates not significantly different from zero)

Century-scale climatology
of the Guli region

Variable Mean SE of Probability
change mean change Based Qn.thg 115-yr record of tempera?ure
and precipitation for the 3 weather stations
Temperature (°C yr}) 0.018 +0.008 p <0.05 around (and in) the Penobscot watershed, it
Timpggatuiecgraﬂient{) -53x 107 £4.1x 10" p>0.05 is clear that there was a highly significant

op 50 m (°Cm™ yr~ . . - .

Salinity (PSS yr-!) —0.0087 £0.0039 p <005 increase in tgnllpe.rature and variance in
Chl a (mg m~ yr) ~0.015 +0.011 p>0.05 decadal precipitation patterns (see also
Trombulak & Wolfson 2004 and Keim et al.
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2003). Such results are consistent with (1) a general
intensification of the hydrological cycle as the air
temperature has increased (Huntington 2010) and (2)
the Clausius-Clapeyron equation (which predicts
that saturation water vapor pressure will increase as
a function of temperature, but in this case, at a slower
rate than an exponential increase) (Huntington
2010). Predictions of the magnitude of the precipita-
tion increase range from 6 % K~! at 300 K (the tropics)
and 15 % K~* at 200 K (the poles) (Moller 1963). Other
estimates have averaged closer to 7% K~! (Held &
Soden 2000, Huntington 2010).

Results from the 3 weather stations examined here
have shown an annual temperature increase of 1.14 x
1072 K (aggregate mean for all 3 weather stations).
Note, this is 65% greater than the global mean
atmospheric warming rate of 0.0069 + 0.0017 K yr!
(Trenberth et al. 2007). We also observed an increase
in the variance of precipitation of 1.1 x 107 m yr™!
and a mean annual precipitation of 1.18 (+0.23) m
yr . This equates to a rate of increase in the variabil-
ity of precipitation of (1.1 x 1073/1.18)/1.14 x 1072 =
8.2% K!, remarkably close to the above-predicted
estimates (Moller 1963, Held & Soden 2000, Hunting-
ton 2010). Given the highly significant relationship
between precipitation and river discharge (Fig. 3d),
the increases in precipitation likely induced in-
creases in river discharge into the GoM, which may
have influenced the step-changes in the hydro-
graphic, biological, optical and chemical properties
after 2005.

Connection of river discharge to GoM-wide
hydrographic and optical properties

Evidence from the Hovmoller plots suggests a con-
nection between the terrestrial runoff and various
properties, such as salinity, density and CDOM
absorption, particularly (1) on the western side of the
Gulf and (2) post-2005 following the onset of extreme
events. A Gulf-wide comparison, however, demon-
strated that river discharge effects could be statisti-
cally detected across the entire GNATS transect, not
just on the western side of the GoM, where the major
rivers empty into the Gulf. Over the full range of
Penobscot discharge rates, the salinity anomaly (aver-
aged spatially across the Gulf and temporally from
June to September of each year), decreased ~1 PSS,
while the surface density decreased ~0.6 oy unit
(kg m~3) (Fig. 15). Our interpretation of this trend is
that it was not just the Penobscot River that produced
this effect but the discharge from all 25 watersheds

that empty into the GoM, likely subjected to similar
precipitation patterns. Increased variance of the
Gulf-wide salinity anomalies at high river discharge
would be expected if the river discharge was concen-
trated in short, intense storm events (such as large
spring and fall freshets; Fig. 3c). Moreover, increased
CDOM and detritus absorption would be expected in
the GoM associated with such extreme runoff events.

Implications of a step-change in physics,
chemistry and biology in the GoM

Given the magnitude of the observed step-
change, we scrutinized the results carefully to
ensure that the changes were not associated with
some artifact of sampling (e.g. particular ship plat-
form, specific sample variable, method of sampling
[continuous or discrete samples]). We could find
no evidence of such an artifact. Indeed, changes in
hydrography of the Gulf of Maine were seen in both
continuous flow-through measurements (SST and sea
surface salinity [SSS]) and in situ measurements
(vertical temperature gradient measured with XBT
and the MVP200 profiler). Since 2005, 5 different
ship platforms were used to gather these continuous
and discrete data. Observations of the step-change
spanned multiple variables (3 nutrients, POC, PON,
primary productivity, calcification, chlorophyll and
CDOM absorption).

The combination of cooler and saltier surface water
resulted in a clear increase in density in the mid-Gulf
after 2005 (Fig. 4d). This, combined with the elevated
nutrient concentrations beginning in 2007, suggests
a general deepening of the surface mixed layer. It is
equally noteworthy that little change in nutrients was
observed in the SS water mass (Fig. 5). Because these
waters are generally entering the GoM (Brooks 1985,
Xue et al. 2000), then one conclusion is that the step-
change observed in the Gulf was likely not associ-
ated with a surface advective phenomenon, such as
incoming surface SS water being more nutrient rich.
Instead, it was more likely associated with a change
in the mixing of deeper water to the surface within
the GoM. We cannot negate possible advective in-
fluence at depth, however, such as deep intrusions
through the Northeast Channel supplying more
nutrients (Ramp et al. 1985) that are subsequently
mixed upwards into surface waters.

Intense precipitation years (2005, 2006, 2008 and
2009) were associated with reduced salinities and
densities in the WMCC (with salinities dropping as
low as 27 PSS). There also were drops in salinity in
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the ExtEMCC beginning in 2005 and continuing up
to 2010). We interpret the reduced salinities and den-
sities of the WMCC and ExtEMCC as resulting from
increased river runoff from the surrounding water-
sheds of the GoM (Fig. 1), further demonstrated by
the significant inverse correlation between salinity
and density anomalies versus river discharge
(Fig. 15). This was also evident given that the WMCC
and ExtEMCC waters had reduced surface densities
and elevated 50-m temperature gradients (the land
runoff was warmer than the typical WMCC and
ExtEMCC waters) (Fig. 3b,d).

Anomaly plots for the hydrography and nutrients
also provided insights on the step-change. The
monthly anomaly plots (Fig. 11) averaged all changes
across the entire GNATS transect into one Gulf-wide
number. Covariance in the SST and vertical temper-
ature gradient data (Fig. 10d) again suggested that
the surface changes were representative of deeper
changes occurring to 50 m in the water column (i.e.
colder SSTs were associated with lower gradients in
temperature over the top 50 m) (Figs. 4a,b, 10d; see
also Balch (2004), their Fig. 9 showing a significant
relationship between the 50-m temperature gradient
and surface water density). Interestingly, salinity
anomalies showed no statistically significant rela-
tionships to SST, vertical temperature gradients or
surface density. SST accounted for most of the vari-
ance in density (Fig. 10e).

Guli-wide anomalies for phosphate were poorly
correlated to surface density anomalies (r? = 0.13;
p < 0.02; data not shown) and not significantly cor-
related to vertical temperature gradients. Nitrate
anomalies were only barely correlated to surface
density (p < 0.1). Townsend et al. (2010) showed for
a 54-yr dataset of stations within the Gulf of Maine
(in the geographic box 42.3-43.61°N, 68.6-66.1°W
and at 100 m depth) that since 1998, the tempera-
ture and salinity anomalies have been decreasing
from anomalously positive to average. Thomas et
al. (2003) showed, using satellite data, that 1998
was an anomalously cold year associated with the
minimum of the North Atlantic Oscillation (NAO;
5-mo running mean). This is consistent with the
GNATS data, in which salinity anomalies were uni-
formly positive from 2002 to 2004 and decreased
thereafter. The trends of our SST data differ from
the 100 m depth values of Townsend et al. (2010),
however, in that GNATS SST values were uniformly
negative from 2002 to 2004 and more positive
thereafter.

The biological response to the step-change in
physics and chemistry (increased temperature, de-

creased salinity and increased nutrients) was harder
to interpret and admittedly counterintuitive because
the response to increased nutrients in 2007 was a
step decrease in productivity (as Py, and Cp.x) and
phytoplankton biomass (as chlorophyll and POC).
Primary production showed the largest decline in the
JB, EXtEMCC and WMCC waters, precisely where
the biggest increase in nutrients was observed. One
possible explanation was that deeper mixing meant
that populations were more light-limited. The prob-
lem with this interpretation is that the productivity
incubations were done in bottles kept at ambient sur-
face light intensities and day:night photocycle from
the moment that the water was collected to the
beginning of the C incubations (2 to 18 h). Thus,
over this time period, the phytoplankton should have
begun to adapt to light. Indeed, deep, low-light-
adapted populations, when mixed into surface
waters and kept at high light and nutrient conditions,
show an up-shifted physiological response over the
course of 2 d (Dugdale et al. 1989). While such a shift-
up response would have been observed throughout
all of the GNATS sampling, with the deeper mixing
commencing in 2007, the magnitude of the shift-up
response should have increased after this date. The
bigger problem is that the shift-up hypothesis does
not predict a decrease in surface P, associated with
the deeper mixing and higher nutrients. Could the
step decrease in primary production have somehow
been associated with the extreme precipitation and
river discharge events after 20052

River discharge and its potential eifects
on primary production

We examined whether the dramatic step-decrease
in carbon fixation was consistent with an inhibitory
effect of something introduced into the GoM, associ-
ated with the extreme river discharge (such as xeno-
biotics). Such a hypothesis would be most plausible
in the EXtEMCC and WMCC, where surface salini-
ties were observed to decrease from 32 to 27 PSS
(representing a relative dilution of surface waters by
~16 %). However, there was no correlation between
the anomalies of salinity and carbon fixation (whe-
ther primary production or calcification), negating
this hypothesis. Further, carbon fixation showed no
relationship with river discharge.

However, absorption of CDOM overlaps with
chlorophyll absorption and, in effect, would have
competed with chl a absorption (Fig. 9a). These ob-
servations clearly suggested that in the western
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coastal GoM, both CDOM and detritus could have
been a significant competitor for light absorption in
the Soret band of chlorophyll. Indeed, CDOM ab-
sorption dominated over detrital absorption, as evi-
denced by the 1:1 slope (Fig. 14e), indicating that
most of the variability in a,q41, was due to variation in
ag412. There was also almost a doubling in the partic-
ulate backscattering at 532 nm in 2005, 2006 and
2010, particularly in the WMCC and ExtEMCC
(Fig. 8c), suggestive of periods when inputs of river-
born particulate matter were reaching well into the
western GoM. This is consistent with previous obser-
vations of the strong Case II characteristics of the
GoM for CDOM, punctuated by periods when waters
were Case Il particulate (Balch et al. 2004).

The importance of the GoM watersheds for supply-
ing highly absorbing CDOM and optically backscat-
tering particles (both of which would reduce light
penetration into the surface ocean) was further but-
tressed by the statistically significant positive corre-
lation of these variables with the annual average
Penobscot River discharge (Fig. 15d,e). The scale of
the Gulf-wide change was large, with an increase in
CDOM and detrital absorption of 0.2 m~!, over the
full range in river discharge. Increases in particulate
backscattering could have been associated with sus-
pended sediments supplied from rivers but could also
have been associated with flocculation processes
(George et al. 2007) as the concentrated DOM of
rivers met seawater.

While there was no step increase in the agpas0:@g440
ratio that exactly mirrored the step drop in P
across the entire GoM, it is apparent that following
2005, the agpy40:@4440 ratio reached new highs in the
western GoM, with a few extremely high values
even seen in the eastern GoM, never before seen in
the GNATS record. Taken together, these results
suggest an extraordinary input of CDOM and detri-
tus from the GoM watersheds along with potential
light-limitation of phytoplankton primary production
after 2005 in the WMCC and ExtEMCC and, for the
first time, in the SS water. Without parallel photo-
synthesis versus irradiance data, plus light extinc-
tion data over the water column, it will be difficult
to verify this unequivocally. The source of the
CDOM on the east side of the GoM is not known,
but likely CDOM was advected into the GoM from
waters originating in the eastern shore of Nova Sco-
tia and perhaps, ultimately, the Saint Lawrence
estuary (Smith et al. 2001). The fact that CDOM
absorption increased Gulf-wide, in response to
increased river discharge (Fig. 15d), suggests that it
could have had impacts in the JB as well.

Impact of the decrease in
primary production and calcification

Quite apart from the reasons for the productivity de-
crease in the GoM following 2007, questions about
the impact of the decline in photosynthesis and calci-
fication on carbon-specific growth rates are worthy of
discussion as they allow more insight into the scale of
the problem for carbon cycling in this shelf sea. POC-
specific growth rates of 1 to 2 d™! were common from
2002 (when measurements were started) to 2006 and
are close to maximal values seen in cultures that are
characteristic of high export regions, such as the Ara-
bian Sea and other upwelling areas (Banse 1988). Val-
ues below 0.1 d~! represent extremely slow-growing
populations, often seen in oligotrophic regions such as
the subtropical North Pacific Central Gyre (Eppley
1972) (but with some noted exceptions; see Laws et al.
1984). While we did not sample variables associated
with higher trophic levels, it is unlikely that such a de-
crease in productivity at the base of the marine food
web could have anything other than a negative
impact on the higher trophic levels in the GoM.

The results of the carbon-specific growth rate of PIC
(Fig. 9c¢) were consistent with what is known about
the distribution of coccolithophores in the GoM,
where diatoms are favored in SS water, and blooms
begin at the JB/SS frontal boundary and grow
inwards into the GoM (Balch 2004). In 2008 and early
2009, however, the PIC-specific growth rates were es-
sentially unmeasurable across the entire GoM, un-
precedented within the GNATS record. The slight re-
bound in PIC-specific growth rate in 2010 (Fig. 9c)
suggests that coccolithophore growth was returning
more to the pre-2007 levels. The mechanism for this is
not obvious because E. huxleyi (the numerically
abundant coccolithophore species in the GoM) (Balch
et al. 1991) prefers moderately stratified environments
(Balch 2004), and we demonstrated earlier that there
was evidence for more mixing from 2006 to 2010,
based on the 50-m temperature gradients (Fig. 4b).

Long-term changes along the GNATS transect

From the long-term perspective, changes in tem-
perature, vertical temperature gradients (top 50 m),
salinity and chlorophyll were difficult to discern
within the natural noise of the data, and only certain
changes were statistically significant at o < 0.05.
Changes in the nutrients have been tied to the influ-
ence of warm, salty NASW or cold and fresher LSW,
which, in turn, have been tied to the North Atlantic
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Oscillation (Pershing et al. 2001, Smith et al. 2001).
Our results for the 34-yr record confirm the influence
of fresher water in the late 1990s, associated with the
dip in the NAO index from the same period (Smith et
al. 2001, Townsend et al. 2010). However, attempts to
correlate the monthly GNATS hydrographic data to
the monthly-binned NAO index showed no signifi-
cant correlations, at least on a Gulf-wide basis.

The net trends that we observed from the 1970s to
the present, however, did show a significant, albeit
small, decrease in salinity and increase in SST
(Table 2), consistent with the data of others (Towns-
end et al. 2010). The net increase in GoM SST of
0.018 + 0.008°C yr~! (Table 2) qualified as a moderate
warming rate, virtually identical to the global mean
SST warming rate estimated by Belkin (2009) (0.0177
+ 0.0052°C yr’1 between 1981 and 2005; see his
Fig. 3) and slightly greater than the global SST
warming rate cited by Trenberth et al. (0.0133 =
0.0047°C yr! between 1979 and 2005; see their
Table 3.2). Moreover, our observed salinity changes
can be compared to other studies. For example, the
salinity of the subpolar north Atlantic basin at 45°N
latitude has been decreasing at a rate of about —0.001
PSS yr~! between 1955 and 1998 (Bindoff et al. 2007).
This is considerably less than the salinity decrease
observed in the GoM, however (-0.0087 + 0.0039 PSS
yr~! between 1975 and 2010) (Table 2). The greater
freshening rate in the coastal GoM compared to the
oceanic north Atlantic is likely due to the proximity of
the multiple freshwater sources in the GoM.

The changes in the nutrient field
were a function of the temporal and
spatial scales over which they were
examined. For example, in the nutri-
ent Hovmoller plots (Fig. 5; which

2010

show contours based on averaging 200s S -
..

2009 h

ent concentrations, and river contributions of silicate
were not significant to the overall budget.

The importance of silicate-rich water originating in
the deep LSW, and subsequently mixed upwards,
however, was seen in the ratio of silicate to DIN,
which was formerly elevated only in SS water but
from 2007 to 2008 was elevated all the way across the
GoM, in a step-wise fashion (Fig. 16). The surface SS
water on the east side of the GoM showed little
change in DIN, phosphate or silicate concentrations
from 2003 to 2010 (Fig. 5), and there was certainly no
step-change in 2005, hence the source of the ele-
vated nutrients in the GoM was not surface SS water
entering the GoM.

Our observations, taken together with those of
Townsend et al. (2010), indeed suggest that deep
waters could be the ultimate source of increased
nutrients after 2005 as the deep waters were mixed to
the surface through seasonal cycles of deep convec-
tive mixing. The extreme precipitation events after
2005, however, allowed significant amounts of
CDOM to be mixed into the GoM, thus competing
with chlorophyll-containing phytoplankton for light
absorption, resulting in decreased primary produc-
tion and reduced nutrient draw-down.

Concluding remarks

These observations suggest that physical, optical
and biological step-changes in the GoM appear to be

over space/time scales of 8 km and
14 d, respectively), within the JB,
ExtEMCC and WMCC water masses,
the silicate, DIN and DIP concentra-
tions increased ~3-fold after the step-
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the annual river discharge (Fig. 15f). WMCC EI\%I)SC JB SS

That is, over these larger spatial
and temporal scales, freshwater dis-
charge was somehow reducing nutri-

Fig. 16. Hovmoller plot for ratio of dissolved silicate to DIN. Linear color-
scale bar shown to right. The kriged results near ends of the transect
should be interpreted with caution due to reduced data coverage
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less related to the surface SS waters entering the
Gulf and more related to (1) significant precipitation-
driven fluxes of terrestrially derived material from
the GoM watersheds (which supply both highly
absorbing and highly scattering materials) and (2)
changes in the vertical mixing of deep water (the
source of which enters through the Northeast Chan-
nel). The ultimate cause of this enhanced vertical
mixing is not apparent because other climatological
forcings (e.g. wind data) were not included in this
analysis.

The connection between freshwater river dis-
charge and the influx of deep water entering through
the Northeast Channel was suggested earlier (Hop-
kins & Garfield 1979, Brooks 1992). They described
an inverse relation between freshwater inflow into
the GoM and the inward flux of deep slope water
through the Northeast Channel (Fig. 1). An accumu-
lation of fresh river water within the GoM (at the
average rate of 3000 m3 s7! or 95 km?® yr!) (Meade &
Emery 1971) promotes a barotropic pressure head
that inhibits the inflow of deep slope water. They fur-
ther hypothesized that during wet years, the influx of
deep slope water (with its associated nutrients)
would be delayed, thus lowering overall productivity
the following year. This is consistent with the nega-
tive correlation between the averaged annual, Gulf-
wide, nutrients and river discharge (e.g. Fig. 15f). We
would add that extended periods of extreme precipi-
tation, such as those since 2005, along with inhibiting
deep intrusions of slope water and associated nutri-
ents, would also tend to stabilize the water column
and support massive riverine discharges of CDOM
and detritus (detectable Gulf-wide) (Fig. 15d), and
these inputs likely decreased primary productivity
via light limitation. The reduced productivity then
resulted in lower nutrient drawdown (hence higher
concentrations). Thus, in this coastal regime, the de-
crease in productivity did not appear to be due to
only warming of the surface ocean (Behrenfeld et al.
2006) but to a complex interplay among extreme pre-
cipitation events and their associated effects on river
discharge and injections of highly absorbing cDOM
into the GoM. These changes were superimposed on
broader-scale hydrographic effects associated with
the warming and freshening of surface waters as well
as deep nutrient injections into the GoM.

All of these changes are ultimately driven by
changes in the North American hydrological cycle
(evaporation/precipitation), warming and melting of
the polar ice cap (which will reduce salinities in the
southward-flowing Labrador Current). The striking
aspect of the GNATS observations is the sheer mag-

nitude and rapidity with which these changes
occurred. This will make prediction of future change
inherently more difficult in this complex shelf sea.
The challenge for future prediction of the impact of
climate change on the physics, chemistry, optics and
biology of the Gulf of Maine will be to further inte-
grate the modeling over these multiple domains and
to define their complex interactions.
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