QPAGU

Journal of Geophysical Research: Biogeosciences

RESEARCH ARTICLE

10,1002/ 201 6JG003 589

Key FPoints:

+ Variabdlity in P Nmitation indicated by
nutrient stolchiometry is well
commelated with trends in phosphate
oxygen sotoplc exchange

+ Phosphate oxygen sotope ratios
Identify temestrial P input and organic
P remineralization as major P sources

+ Regenerated P may support primarny
productivity in the deeper
euphotic zone

Supporting Inform aton:
+ Supporting Infiormation 51

Correspondence bo:
D. Jaiksd,
Jasi@udeledu

Otaton:

L 1, ¥. Bal, K. Bear, 5. Joshi, and D. Jaisi
2017), Phosphorus avallability and
turnowver in the Chesapeake Bay:
Insights from mutrient stolchiometry
and phosphate coygen sotope ratios,
1 Geophys Res. Bogeoscl, 123,

dol 1001002/ 201606003589,

Recetved 13 AUG 2016
Accepted & MAR 2017
Accepted artide online & MAR 2017

S3017. American Geophysical Union.
All Rights Reserved.

Phosphorus availability and turnover in the Chesapeake Bay:
Insights from nutrient stoichiometry and phosphate
oxygen isotope ratios

+ Yuge Bai', Kristi Bear', Sunendra Joshi' |, and Deb Jaisi'

Jiying Li'
"Department of Plant and Soil Sciences, University of Delaware, Mewark, Delaware, USA

Abstract Understanding phosphorus (P) availability and its control on eutrophication in the Chesapeake
Bay is complicated by variable sources and biogeochemical reactions transforming P forms. We investigated
seasonal and spatial variability in P limitation and biological utilization in the Bay using nutrient stoichiometry
(of both dissolved and particulate forms), phosphate oxygen isotope ratios, and alkaline phosphatase activity
at three sites along the salinity gradient. We demonstrate that particulate nutrient ratios can be used as
indicators of nutrient limitation in the Bay and suggest strong seasonal and spatial variability in P availability:
the surface water is P limiting in spring, but this condition is alleviated in summer and in the deeper waters.
Variability in P limitation is well reflected in the trends of phosphate oxygen isotope composition (5" 0g),
with values approaching isotopic equilibrium under P limiting conditions, suggesting rapid biological P
turnover. Furthermore &'%0, values suggest multiple phosphate sources including remobilization of
terrestrial inorganic P phases and remineralization of organic P and P from both sources is sufficently cycled
by microorganisms, suggested by the extensive equilibrium oxygen isotope exchange. Our results further
suggest high P utilization in the deeper euphotic zone where nutrients are abundant, raising caution on
studying nutrient availability and limitation only in the surface water.

1. Introduction

Chesapeake Bay, the largest estuary in the United States, is one of the most productive aquatic systemsin the
waorld. It has, however, been suffering from eutrophication and summer hypoxia since the 19505 [Hagy et al,
2004; Kemp et al, 2005). Efforts toward controlling eutrophication in the Bay rely strongly on identifying the
sourcesof phosphorus (P), one of the keylimiting nutrients [Fisher et al., 1992, 1999], and understanding itsinter-
nal gycling and bioavailability that are temporally and spatially variable [Ator and Denver, 2015; Boynton et al,
1995; Kernp et al., 2005]. A number of studies have aimed toaddressseasonal and regional variations in nutrient
limitation inthe Bay [Fisher et al,, 1992, 1999; Malone et al,, 1996; Prasad etal, 201 0], using the ratios of dissolved
inorganic nitrogen to dissolved inorganic phosphorus (DIN:DIF). These studies suggested P limitationin spring
and M limitation in summer and early autumn [Fisheretal, 1999; Malone et al, 1996; Prasad et al, 2010]. While
deviations from the Redfield ratio (C:MN:P = 106:1 &:1) [Redfield, 1958] indissolved nutrientpools have been inter-
preted asevidence of nutrient limitation in aquatic systems [Fisher etal, 1992; North et al., 2007), the optimal N:P
stoichiometry of phytoplankton (under nutrient-replete growth conditions) in the Chesapeake Bay is not
known and may be different from the Redfield ratio [Geider and La Roche, 2002). Moreover, whether and how
DIN:DIP ratiosand/or concentrations of individual nutrients regulate phytoplankton growth havelong beendis-
cussed [Downing et al, 2001 ; Glibert et al, 2011; Reynolds, 1999], but more direct observation is lacking for the
relationships between nutrient ratios, P concentrations, and biological P utilization that is coupled to primary
productivity in the Bay. Inthis study we investigate P availability, limitation, and their seasonal and spatial varia-
bility in the water column of the Chesapeake Bay using ratios of dissolved nutrients (DIN:DIP), particulate C:N:P
(PC:PMN:PP), and alkaline phosphatase activity. Phosphate xygen isotope ratios were also analyzed to identify P
sources and understand P cycling in the Bay.

Phosphate (PO,) oxygen isotope ratios (5'%0,) have been applied as a tool to investigate P cycling (P sources
and biological transformations) in aquatic environments [Colman et al, 2005; Elsbury et al, 2009; Goldharmmer
et al, 201 1; Gooddy et al, 201 6; Jaisi and Blake, 201 4; Mclaughlin et al, 2006a, 2013; Paytan and Mclaughlin,
2011; Paytan et al, 2002; Young et al, 2009]. The strong bonding between atoms of axygen and phosphorus
(P-0 bond) in phosphate prevent oxygen exchange under most environmentally relevant conditions (Earth
surface pressure, temperature (<80°C) and pH) [Jaisi and Blake, 2014; Lécuyer et al,, 1996). Therefore, a
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negligible isotopic effect is expected for abiotic processes such as sorption, desorption, predipitation, and
transport [Jaisi et al, 2010, 2011; Liang and Blake, 2007), which allows tracking of P sources [Elsbury et al,
2009; Gooddy et al, 2016; McLaughlin et al., 20063; Young et al, 2009). On the other hand, biological processes
that involve P-0 bond cleavage and formation/rebuilding are typically associated with large isotopic fractio-
nations [Bloke et al, 2005; Liang and Blake, 20063, 2006b; Liang and Blake, 2009). One of the most important
processes is the reversible reaction between orthophosphate and pyrophosphate catalyzed by pyrophospha-
tase, which exchanges all O atoms in PO, with ambient water O, resulting in a temperature dependent equi-
librium fractionation [Blake et al, 2005; Longineli and Nuti, 197 3). This isotopic equilibration between PO, and
water has been observed in many environments as an indicator of biological P turnover (ie., PO, uptake,
intracellular cycling, and PO, release into ervironment) [Kolodny et al, 1983; McLaughlin et al, 2006c, 2013;
Paytan et al, 2002). Moreover, many extracellular enzymes catalyze reactions that involve breaking of P
bonds and cause kinetic isotopic effects [Blake et al, 1997; Colman et al, 2005; Liang and Blake, 2009], provid-
ing a potential means to identify P sources and transformations. For example, hydrolysis of organic phos-
phorus involves incorporation of nudeophilic oxygen from a water molecule and generates lighter PO,
that is indicative of PO, regenerated from organic P [Colman et al, 2005; Joshi et al, 2015 Mclaughlin
etal, 2006b). Here we will use phosphate oxygen isotope ratios to identify P sources, both external and inter-
nal, and their contributions to P availability. We further demonstrate that phosphate oxygen isotope ratios
are indicative of P limitation in the water column of the Chesapeake Bay, linking P bicavailability to biological
P utilization and turnover (ie., P uptake, intracellular cycling, and P release).

2. Materials and Methods
2.1. Sampling Sites

Water column samples were taken at three locations across the main stem of the Chesapeake Bay in multiple
seasons aboard the R/V Kerhin in 2014-2015 (Figure 1 and Table 1). The north site 1.1 is located at the mouth
of the Susquehanna River (39.54667°N, longitude —76.08167°W); sites 3.3C and 5.2 are located at the mid Bay
in the region of highest productivity (33C: latitude 3B.99583°N, longitude —7636000°W; 5.2 latitude
38.13667°N, longitude —76.22917°W). Site CB3.3C has been experiencing the most intense eutrophication
and longest summer hypaxia of these three sites [Zhang et al, 2006]. The sampling sites are the same as those
of the Tidal Mainstern Water Quality Monitoring Project conducted by the Chesapeake Bay Program (CBP),
where water quality data are available since 1984 (Chesapeake Bay Program, 2016, Retrieved from httpe//
www .chesapeakebay.net/ (assessed: April 2, 2016]). The site identifications are adopted from the CBP data-
base (CBP Water Quality Database: httpy/www.chesapeakebay.net/data/downloads/cbp_water_guality_
database_1984 present).

2.2, Sample Collection and Nutrient Analyses

Water temperature, dissolved oxygen (DO), and salinity were measured in situ (by CBP) using a Hydrolab
probe. All water samples were collected using a sampling pump and analyzed by the CBP for total particulate
nitrogen (PM), particulate carbon (PC), particulate phosphorus (PP), dissolved inorganic phosphorus (DIP),
nitrate and nitrite, ammonium, and concentrations of chlorophyll a and pheophytin (for details of the meth-
ods see Chesapeake Bay Program (CBP, 2012)). To perform isotopic analyses of water and dissolved
phosphate, we collected additional water samples with volume of ~24-40L (to attain > 5pmaol DIF) from
selected depths using sampling pump (Table 1): surface (5; 0.5 m), above pycnodine (AP), below pycnocline
(BF), above bottom (AB; 4-5m above the sediment-water interface), and bottom (B; 0.5 m above the
sediment-water interface). Samples were stored in coolers immediately after collection and processed upon
arrival at our laboratory at the University of Delaware, Suspended particulates were separated from the water
samples using centrifugation (for > 0.10 pm particles; Sorvall LYMNX 6000). The separation of water and parti-
cles was completed within 2 days. Phosphate oxygen isotope analyses were conducted on the collected
supernatant, following a series of concentration and purification steps (see below).

2.3, Alkaline Phosphatase Activity

Alkaline phosphatase (APase) activity was measured following a modified method of Adams et al. [2008].
Samples were filtered using WHATMAN 0.2 pm filters and the filtrates were incubated at 37°C at pHB85
(Tris-HCl buffer) using p nitrophenyl phosphate (p-MPP) as a substrate. The concentration of the produced
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Longitude (°W) p nitrophenol (p-NP) was measured
TS i 765 -i6  -/Bb by spectrophotometer at 410nm.
APase activity was calculated as pmol
p-NPP  hydrolyzed (p-NP or POy
produced) per hour per liter of water,
To account for the differences in
biomass among samples, APase
activities (pmol P h=' L") were also
divided by total suspended solid

395

39 F

= 385
i (TSS) (Table 51to 53in the supporting
r information) for comparison.
% 38} 2.4, Phosphate and Water Oxygen
- Isotope Analyses
To analyze phosphate oxygen
aTsF isotope ratios (6"%0p) in the DIP pool,

DIP in water samples was concen-
trated using the magnesium-induced
copredpitation (MaglC) method [Kar!
and Tien, 1992; Thomson-Bulldis and
Karl, 1998), followed by treatment
Figure 1. Sampling sites in the Chesapeake Bay. with Superlite™ DAX-8 resin and

cation exchange resin  (BioRad
AGS0W-XB) to remove impurities [Gross et al, 2013; Joshi et al, 2015; Tamburini et al, 2010]. Samples were
further purified using sequential predpitation and recrystallization methods [Kolodny et al, 1983; O'Neil
et al, 1994], purified with cation exchange resin, and finally converted to silver phosphate prior to analyses
for axygen isotope composition. Oxygen isotope compaositions of silver phosphate samples were analyzed
using a Thermo Chemical Elemental Analyzer (TC/EA) coupled with a Delta V continuous flow isotope ratio
mass spectrometer (IRMS; Thermo-Finnigan, Bremen, Germany): axygen in AgsPO, was liberated by decom-
position at 1460°C to react with glassy carbon to form CO for determination of '®0/"°0 ratios. The 5'%0;
values were calibrated against conventionally fluorinated two AgaPO, standards, YR 3-2 (33.63%«) and YR
1-1aR 02 (—5.45%.). Three replicate AgaPO, samples were measured for each sample and standard; one stan-
dard deviation of the mean is reported as uncertainty. Typical precision for replicate standards was 0.1-0.3%..
For Agi:PO, samples without replicates due to sample amount limitation, precision 0.3%eo was used
as uncertainty.

arp

Measurements of water oxygen isotopic compaositions (6'%0,) were conducted using a Finnigan™ GasBench
Il coupled with IRMS: a small amount of CO; in the headspace of the sample vials was introduced into IRMS
and measured for "20/"®0 ratios after complete equilibrium with the sample at 26°C (>24). The 5'%0,, values
were calibrated against two US. Geological Survey (USGS) standards: WE7400 (—1.97%a) and USGS W32615
(—9.25%«). Duplicate water samples and triplicate standards were analyzed, and one standard deviation of
the mean is reported as uncertainty. Typical precision for replicate standards was <0.06%a. 4'%0p and
'%0,, values are reported following standard delta notation relative to Vienna Standard Mean Ocean Water,

2.5. Calculation of Isotopic Equilibrium Values for Phosphate

The theoretical isotopic equilibrium values [S“DEq; expected for full biological P turnover of phosphate and
wholesale exchange of oxygen between phosphate and ambient water [Blake et al, 1998, 2005]) can be
determined using phosphate-water fractionation equations. In this study we used two most commaonly used
equations, i) derived from observed O-isotope fractionations between phosphate (PO,4) and water in biogenic
phosphate minerals [Longinelli and Nuti, 1973]:

T(C) = 111.4- 43 (5'%0g, — 5'%0,,) (1)

and i) newly determined equation for equilibrium O-isotope fractionations between dissolved phosphate
and water (fractionation factor (PO, - Hx0)) [Chang and Blake, 2015]:
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Table 1. Ouxygen lsotopic Compositions of Water (5'°0,,), Dissolved Phosphate (5'°0p), and Calculated Equilibrium
Phosphate Oxygen lsotopic Compositions (8' Ogq Was Calculated Following Chang and Blake [2015] and &'"Og 2
Was Calculated Following Longinelli and Nuti [1973) From Different Sites, Seasons, and Water Depths in the

Chesapeake Bay)”
Ste  Time  Layer Depth(m) T(C) 5 Ow(%) 5 Op(%s) 5 Opqr (%) 5 Ogya2 (%)
1.1 3/20/2004 S 05 45 —10.24+0.10 1510+ 012 15.28 1452
B & 45 —10.14 + Q.09 1528+ 016 1538 1472
1.1 51472004 S 05 19.5 —9.06 + 0.01 17.78+ 037 13.79 1231
B & 19.4 —9.09 + 0.04 ! 13.77 1232
1.1 7M/2014 S 0.5 282 —8.01 £ 0.0 ! 1342 1134
B 4 278 —8.03 + 0.04 1723+ 085 1346 1141
1.1 91 7/2004 S 05 239 —7.70+003 25514013 444 1265
B 4 234 —775+002 278+ 082 1447 1272
1.1 5772015 S 0.5 189 —9.59+ 0,02 16.73+ 036 1335 1192
B 5 19.7 —9.43 + 0.0 17584015 1337 11.89
33C 309/2004 S 0.5 35 —6.66 + 0.01 1923+ 0.06 19.15 1843
BF 18 3a —4.03 £ 0.0 2058+037 292 21.16
B 24 3a —4.45 + 0.1 1809+ 036 2149 2073
33C  503/2004 S 05 209 —T747+002 1549+ 0.10 1517 1358
BF 13 1.5 —4.42 + 003 19.73+0.71 19.95 1881
B 23 1.4 —4.12+ 003 1885+ 046 2027 19.14
33C 72014 S 0.5 258 —6.00 +0.10 18.05+ 0.06 15.86 1391
BF 17 220 —4.64 + 0,02 17.90+ 020 17.88 16.15
B 24 2.6 —4.33 + 005 1730+ 0.62 1827 1655
33C  916/2014 S 0.5 235 —431 +0.09 21301034 1797 1613
BF 14 25 —341 +002 1885+ 037 18.64 16.68
B 23 252 —330+002 19.16+ 0.49 18.78 16.75
33C 5/6/2015 S 0.5 17.8 —708 4012 1329+ 026 16.16 14.74
BF 16 105 —4.75 + 0,05 17,12+ 035 19.78 1871
B 24 103 —4.20+ 009 1875+ 028 2040 1932
33C A5 S 0.5 273 —6.23 +0.08 1478+ 0,18 1538 1333
AP 4 259 —6.13+ 003 ! 15.71 1375
BF 13 228 —429+0.11 1754+ 020 18.10 1631
AB 2 224 —396+ 0.0 17.80+0.90 1851 16.73
B 24 224 —372+002 19,16+ 039 18.79 17.02
33C  915/2015 S 0.5 243 —4.60 + 0,09 1829+ 026 17.54 15.66
AP 4 243 —4.45 + 0,06 1737+ 007 17.69 15.80
BF 12 261 —322+008 1825+ 0.09 18.65 16.62
AB 19 261 —3.06+ 007 1878+ 039 18.82 16.78
B 23 261 —303 + 004 18334013 18.85 1881
52 3Ne/2004 S 0.5 33 —393+004 ! 2199 211
BF 2 39 —3.68 +0.00 N37+022 213 2232
B Ed| 40 —347 +£01 18,66+ 020 232 2251
52 51272004 S 05 17.8 —5590+ 004 1900+ 0.38 1731 1587
BF 15 137 —311+003 2082+ 084 2089 19.61
B 30 133 —273+0M 2148+ 0.06 2135 20,08
52 77204 S 05 254 —4.43 + 005 15.99+0.31 17.53 1557
BF 22 243 —3.74+ 005 1840+ 026 1842 1651
B 29 241 —3.48+ 0.0 1817+ 050 18.72 1682
52 915/2014 S 05 244 —367+002 2774055 1847 16.56
BF 19 249 —320+0M 2379+ 044 18.87 1692
B 29 253 —254 + 005 1961+ 034 19.07 17.08
52 5/5/2015 S 0.5 162 —5.58+0.02 1685+ 026 1792 1656
BF 13 136 —298 + 005 20524025 2104 19.76
B 30 132 —272+0M 082+022 2138 2012

’S, surface, 0.5 m; AP, above pycnocline; BP, below pymocling; AB, abowe bottom, 4=5 m above the sediment-water
interface; and B, bottom, 0.5m abowe the sediment-water inteface.

1000 In a{PO4 - H;0) = 14.43 x1000,T(K) - 26.54 (2)
or

SlmOEq — (8130' + -Iu]])xehd.dix (1000,T) - 26.54) ,-'1mo_1nm B}
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Please note T in equation (1) represents temperature in degree Celsius ("C) but in equations (2) and (3) itis in
degree kelvin (K). Expected equilibrium values for phosphate cxygen isotope ratios were calculated for each
sample using the measured water oxygen isotope ratios (see section 2.4) and measured temperature.

3. Results
3.1. Dissolved Oxygen, Nitrogen, and Phosphorus

The water column of the Chesapeake Bay exhibited strong spatial and seasonal variability in concentrations
of dissolved axygen, and concentrations of inorganic nitrogen and phosphorus (Figure 2). At site 1.1, concen-
trations of nitrate and nitrite (referred as nitrate (MO3) hereafter for simplicity) were high (~09-75 pmol L_1}
for all seasons, while DIP concentrations were much lower (<1 pmol LY (Figure 2). At sites 33C and 52,
nitrate concentrations in the surface water decreased from March to September (e.g, from 68 pmol L
to < 2pmol L' at site 33C; Figure 2). Nitrate also decreased with depth and was nearly depleted in the
anoxic waters in July and September (Figure 2). In contrast, ammonium concentrations increased with depth,
and the concentrations in bottom waters increased throughout the summer with the highest concentration
in July (Figure 2). DIP concentrations were low for the entire water column in the well-oxygenated seasons
(March-May), but concentrations increased in deeper anoxic waters in the hypoxic/anoxic seasons
(May-September; Figure 2). The strong seasonality in the Chesapeake Bay water column is also illustrated
in Figures 3a-1, 3b-1, and 31, which show the variability in surface temperature, productivity (as indicated
by pigment concentrations), and concertrations of NH} and DIP,

3.2. The Ratios of Dissolved and Particulate C:N:P

The ratios of dissolved nutrients (DIN:DIF), particulate carbon to nitrogen (PCPN), particulate carbon to phos-
phorus (PC:PP), and particulate nitrogen to phosphorus (PM:PP) are complied and shown in Figure 3. At site
1.1, the high NO3 and low DIP concentrations (Figure 2) resulted in larger DINDIP (values generally = 100)
compared to the Redfield ratio (Figure 3a-2). The values of PC:PP and PMN:PP showed large fluctuations around
the Redfield ratios (106:1P and 16PMN:1PP, respectively; Figures 3a-3 and 3a-4). At sites 3.3C and 5.2, the aver-
age DIN:DIP ratio increased from winter (December) to spring (March-May), dedined throughout the sum-
mer, reached a minimum in September and then recovered toward the Redfield ratio in winter
(Figures 3b-2 and 3c-2). At these sites, the PC:PP and PN:PP values showed similar seasonal trends, with values
increasing in spring (March-May) and decreasing in summer and fall (July-November). Both ratios generally
decreased with depth, with values at the bottom doser to the Redfield ratio (Figures 3b-3,3b4, 33, and 3c4).

3.3. Alkaline Phosphatase Activity

The APase activities at both sites 3.3C and 5.2 were generally high in May (average 030 and 0.80 pmol P
h™'L™", respectively) compared to July and September (at site 3.3C average 007 and 005pmal Ph™'L7",
respectively; at site 52 near detection limit (0.01 pmol P h! L_1}} (Figure 4). At sites 33C and 52, APase
activities generally decreased with depth (eg., from 030pmol Ph™' L™ in surface waters to undetectable
in bottom waters in May 2014). At site 1.1, however, no clear trend was observed.

3.4. Oxygen Isotopic Compositions of Water and Dissolved Phosphate

Water oxygen isotope compositions (3'°0,,) in the water column of the Chesapeake Bay varied spatially and
seasonally (Table 1 and Figure 5), with 5'%0,, values ranging from —7.70 to —10.24%s. at the freshwater site
1.1 and from —2.72 to —4.43%s. at the most saline site 5.2, The 820, values at sites 33C and 52 were linearly
correlated to salinity (Figure 5a), representing typical conservative mixing behavior: least squares linear
relationship &'%0,, (%) =0. 249 Salinity — 8.01 for site 3.3C (F=02907) and 8'%0,, (%q) =0, 242 x Salinity
— 7.90 for site 5.2 (P =10.931) with salinity expressed in practical salinity unit (psu). The 8'%0,, values at the
fresh water site 1.1 (salinity =0 psu), however, also exhibited a large spread corresponding to seasonality,
increasing from spring (March) to late summer (September) and then decreasing in fall (Figure 5b).

Oxygen isotopic compositions of dissolved phosphate (5'%0¢) and the calculated theoretical equilibrium
values (8'%0g,) are shown in Table 1; their depth distributions and seasonal trends are presented in
Figures 6 and 7, respectively. The equilibrium values [SwOEq} were lightest at the freshwater site 1.1, and
generally became heavier with increasing salinity toward the ocean and deeper waters (saline water intruded
from the ocean via bottom currents; Figure 6). At site 1.1, 8'0; values gradually became heavier from March
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Figure 2. Vertical distdbutions of termperature (°C), salinity (psu), concentrations of chlorophyll a and pheophytin (ug LY,
dissolved O (mg L™ "), nitrate + nitrite (NO,; Mmaol L"), ammonium (NHZ; MmolL "), and phosphate (POy; MmolL™")
inthe water column of the Chesapeake Bay in different seasons (March, May, July, and September) in 2014 (distributions in
2015 were similar). The upper, middle, and lower panels are from sites 1.1, 3.3C and 5.2, respectively.

to September, and trending away from equilibrium values (Figure 6). At sites 3.3C and 5.2, 5'%0; values seem
to generally follow the trend of equilibrium values (Figure 8), with exceptions in the surface waters for 2014
samples in which 3'0; values became considerably heavier than S‘SOEq in hypoxic/anoxic seasons (July,
September; Figures 5 and 6). The §'%0p values in the bottom waters showed less seasonal variability and
were generally dose to or slightly lighter than S‘SC)Eq (Figure 7). In March and September months, the
a“‘op values showed higher offset than the calculated S‘SOEq values than in other seasons (Figure 7).

4. Discussion
4.1. Phosphorus Availability and Nutrient Stoichiometry

The strong seasonality in redox stratification in the water column of the Chesapeake Bay has led to spatial
and temporal variability in P availability and nutrient stoichiometry. The consistently high DIN:DIP ratios
(compared to Redfield ratios) at site 1.1 suggest P limitation conditions throughout the entire year, whereas
at sites 3.3Cand 52, seasonal variations in DIN:DIP ratios suggest changing nutrient limitation status (Figure 3).
The variations in P availability and thus biological P stress (P limitation for biological activities such as growth
of phytoplankton and other microorganisms) were ako reflected in the spatial and seasonal variations in PC:
PP and PM:PP ratios (Figure 3). The effect of P availability (DIP concentrations) on the ratios of particulate
(consisting of biomass) C, N, and P can be demonstrated in Figure 8: both PCPP and PN:PP values markedly
increased when DIP concentrations decreased to a tipping point at ~02-05pmol L™ and reached a maxi-
mum of ~250-450 for PC:PP and ~30-60 for PMNPP. This is likely because changes in nutrient availability
and stoichiometry fundamentally affect food quality thus the makeup of primary producer communities
[5terner and Elser, 2002; Suttle and Harrison, 1988],
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The high DIN:DIP, PC:PP, and PM:PP ratios (above Redfield) during spring to summer (March and May) at sites
33C and 5.2 (Figures 3b and 3c) may be indicative of P limitation in spring to early summer. This is due to the
low DIP concentrations and rapid increase of phytoplankton biomass in the spring with increasing tempera-
ture (Figures 1 and 2). During summer stratification and development of bottom water hypoxia (Figure 2),
these ratios markedly decreased (e.g, at 52 DIN:DIP, PC:PP, and PM:PP were dose to Redfield ratio;
Figures 3c-2-3c-4) due to the excess supply of DIP from the hypoxic/anoxic deeper waters (Figure 2). The

LI ET AL

PHOSPHORUS CYCLING IN THE CHESAPEAKE BAY



@AGU Journal of Geophysical Research: Biogeosciences  10.1002/2016JG003589

0.3 - v v
1 May
0.2F C——July
C—Sep
01 1
[l o= [

Surface Below pycnocline Bottom

| -

Surface Below pycnocline Bottom

8 8 8 o

—
=]

o

APA (umol Pg™' h™") APA (umol PL™ h™)

Figure 4. Activity of alkaline phosphatase (APase) at site 3.3C (2014). APA at Below pycnocline in July and bottomn in May
and July were lower than detection limit (0.01 pmol P L~ " h™ '), The APase activity was measured in pmol PL™ " h™!
and also calculated as pmol Pg ' h™ ' using TSS (mg/L; see Table 52).

supply of DIP (through P remobilization/remineralization; see discussion in the following sections) led to less
P stress, which may explain the decrease of PCPP and PMN:PP ratios with depth (Figure 3). Preferential
degradation of P compared to C and reductive dissolution of FeP, as suggested in some anoxic
ervironments [filbert et al, 2011], would have increased the PCPP and PM:PP wvalues with depth if
occurring in the Bay, and thus, is unlikely to explain the vertical trends. Sorption of DIP onto particles is
also unlikely to have contributed to the trends: loosely sorbed P in the particles in the water column of the
bay was determined to be < 10% of total particulate P, and no vertically decreasing trend of this pool was
observed (data not shown). Therefore, the vertical changes of PCPP and PN:PP ratios were likely due to
increasing P concentrations and changing stoichiometry in biomass synthesis.

Interpretation of nutrient stoichiometry (ie, DINDIP and PN:PF) as indicators for nutrient limitation may be
challenged by several uncertainties. First, instead of strictly following the Redfield ratio (16 M:1P), optimal
N:P stoichiometry of phytoplankton (under nutrient-replete growth conditions) may vary (from 5 to 19, with
most observations below the Redfield ratio number of 16 [Geider and La Roche, 2002]), depending on ecolo-
gical conditions [Klousmeier et al, 2004]. The critical N:P ratio that marks the transition between N and P
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Figure 5. Relationship of water oxygen isotopic com position {Emﬂw} with salinity [dashed lines are the linear fit to the
data) (a), and seasonal variations of water cxygen isotopic composition at sites (b) 1.1, () 33C and (d) 5.2
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limitation likely lies in the range of 15-30 for algae and cyanobacteria [Geider and La Roche, 2002). The opti-
mal N:P stoichiometry of phytoplankton and the critical N:P ratio for nutrient limitation in the Chesapeake Bay
is not known; however, relationships of PC:PMN:PP and nutrient concentrations suggest that the optimal stoi-
chiometry is close to the Redfield ratio: the PC:PMPP values approach Redfield ratios when concentrations
increase (Figure 8). Second, the PCPMN:PP ratios may not be representative of that of the phytoplankton C:
M:P, as the particles may consist of inorganic fractions, especially inorganic phosphorus fractions such asiron
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Figure 7. Seasonal variations of oxygen isotopic compositions of dissolved phosphate (5'“Op (%) symbols) and calculated theoretical equilibrium values (5"°0gq,
(36a); dashed [Longinelii and Nuti, 1973] and dotted lines [Chang and Blake, 201 5]) at sites (left column) 3.3C and (right column) 5.2 Where & sﬂ,, were not measured,

5'%0g, was calculated using 5'°0,, calculated using the linear relationship between 5'

and salinity (see Figure 5).
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hydroloxide) bound P (Fe-P). At site 1.1, with more input of allochthonous inorganic P (>10% and in some
cases ~50%; e.g, coming from the Susquehanna River [Biggs, 1970; Hartzell, 2009; Keefe, 1994]), the PC:PN:
PP values are likely underestimated. In the middle Bay (ie, sites 33C and 5.2) where primary productivity
is high and fluvial input is less important, particulates comprise largely organic P espedally in the surface
water [Keefe, 1994], with inorganic P accounting for ~20-30% of the total particulate P [Keefe, 1994]. The
PC:PM:PP ratios therefore likely underestimate the biomass CM:P ratios by ~6-40%. In spite of these uncertain-
ties, the measured activities of alkaline phosphatase, an enzyme that is produced to hydrolyze organic P com-
pounds and release phosphate molecules when organisms are P limited [Duharmel et al,, 201 0; Nicholson et al,
2006], support the seasonal and vertical trends of P limiting conditions indicated by the nutrient ratios. APase
activity decreased from May to September and decreased with depth at sites 3.3C and 5.2 in 2014 (Figure 4).
However, measurements of APase activity may be subject to uncertainties due to changes in biomass and
community structures. For example, APase activity appeared similar in surface water in May and July 2014
at site 3.3C (Figure 4) when measured in pmol PL™ ' h™", likely due to the higher productivity although less
P limiting condition in July (Figure 3b). When normalized to TSS, an estimate of biomass, APase activity in July
was significantly lower (22pmol Pg ' h™' compared to 40 pmaol Pg 'h™ ' in May; Figure 4). Moreover,
expression of APase and its response to P limitation can be spedes dependent [Stout et al, 2014]; thus, sea-
sonal changes in community structure could have complicated the comparison. Mevertheless, our results in
APase activities and nutrient ratios (for both dissolved and solid phases) are broadly consistent. These results
are also largely consistent with bioassay studies conducted in the surface waters of the Bay that are indicative
of seasonal shifts in nutrient limitations [Fisher et al,, 1999; Kermp et al, 2005].

4.2. PO, Isotopes Identifying P Sources

Oxygen isotope compaositions of dissolved phosphate are useful parameter for understanding P sources and
cyding, as 5'%0p values reflect various sources of DIP and biological P transformations through axygen
exchange and isotopic fractionations [Jaisi and Blake, 2014; Paytan and MclLaughlin, 2011]. Atsite 1.1, the near
equilibrium 5'®0p values in March suggested rapid biological P turnover in the early spring phytoplankton
bloom (see discussion in section below); however, a“‘op values continually became heavier from March to
September, which may reflect source signatures. The major external sources of P to the Chesapeake Bay
include river flow carrying both dissolved and particulate P, ground water seepage, point discharge, and
atmospheric deposition, among which riverine input accounts for >66% of the total P input [Boynton et al,
1995]. Site 1.1 is strongly influenced by terrestrial inputs and riverine inflow from the Susquehanna River
[Hartzell, 2009] and lies in the estuarine turbidity maximum zone. Particulate P coming from land and
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tributaries typically includes Fe and Al axide-bound P and loosely sorbed P [Conkey et al, 1995] which may
potentially release DIP into the Chesapeake Bay water [Conley et al, 1995). The phosphate oxygen isotope
ratios of loosely sorbed P and Fe and Al oxide-bound P in particulates in a tributary to the Chesapeake Bay
were found to be in the range of ~16-1%% and ~19-24%«, respectively [Bear, 2016]. The 813(:'; values for
Fe and Al axide-bound P for particulates from agricultural soils, stream banks, wetlands, manure, and forest
in the East Creek (MD) in the Chesapeake Bay watershed (nearby the tributary) varied in the range of
=~ 21-26%a [Bear, 2016]. While a“‘op values of dissolved P input by rivers are not known but likely fall between
the isotope values of particulate P and equilibrium SwOEq values tSwOEq =~ 17=20%a) [Bear, 2016). For exam-
ple, 813{:'; values for river water near an agriculture field was found to be ~20-23%. [Bear, 2016]. Assuming
similar ranges of isotope compositions for P sources in the upper Bay, we hypothesize that the higher 5'%05
values in later seasons reflect source signatures from land and riverine discharge. Interestingly, higher-than-
equilibrium values were also observed for Fe oxide-bound P in the surface sediments in the Bay (e,
18-22%«q, average ~21%a) [Joshi, 2016; Joshi et al, 2015], further suggesting the distinct isotopic signature
of the deposited particulate Fe-P that may undergo remobilization in the water and sediment columns,
releasing DIP into the water column. Resuspension of sediment particles therefore may also contribute to
the particulate P pool in the water column and release DIP. The terrestrial/riverine sources of dissolved and
particulate P may also be important in the middle and lower Bay at sites 3.3C and 52, in which 8'%0p values
increased in the later seasons (July and September 2014, although such a trend was less apparent in 2015)
(Figure B). On the other hand, the heavier 813{:'; values could have resulted from transport of water and
nutrient within the mainstemn Bay. However, distinguishing the local terrestrial/riverine P sources (e.g, site
52 is downstream of the Patuxent River and dose to the Potomac River) and P from upstream surface flow
is difficult given the limiting isotope data of the potential sources.

In addition to remobilization of particulate inorganic P (e.g, Fe-P) that releases DIP into the water column,
remineralization of organic P and condensed inorganic P phases (called “organic P* hereafter for simplicity)
is also an important source of water column DIP, Thisis reflected in the lighter than equilibrium 5'%05 values,
espedally in the deeper water column (eg., 14 March and 15 May, Figure 4), suggesting remineralization of
organic P into the DIP pool [Colman et al, 2005; Joshi et al, 2015). Disequilibration of isotope values (lower
than equilibrium values) is expected during organic P remineralization due to large isotopic effects including
(i) incorporation of lighter oxygen from water (—103 to —2.8%.; Figure 5and Table 1) into the released ortho-
phosphate and (i) large isotope fractionations associated with P remineralization/hydrolysis catalyzed by
phosphohydrolase ereymes (with enzyme and substrate spedfic isotopic fractionation factors range from
—30 to —10%e, and could be positive (6-10%) for the case of phytic acid hydrolysis catalyzed by phytase
and acid phosphatase) [Liong and Blake, 20063, 2006b; Liang and Blake, 2009; Sun et al, 2017; von Sperber
et al, 2015). On the other hand, the lighter than equilibrium values in the bottom water in early spring
(March and May) could possibly reflect the lack of isotopic equilibration during the winter: it is possible that
the released DIP in the deep waters during the warmer months (July-September) equilibrates with source
water but retains the light isotope compositions during the darker and cooler winter months when biological
activity is low. This may explain the similar 5'0p values in the bottom waters between March and the sum-
mer months July-September (Figure 7).

4.3. Biological P Tumover Indicated by PO, Isotope Ratios

Phosphate oxygen isotope exchange with water has been well correlated with microbial respiration and P
utilization in culture experiments [Blake et al, 1998; Stout et al, 2014] and thus could be potentially useful
to identify biological P turnover (ie., P uptake, intracellular cycling, and release into the ambient water)
and P limitation status in natural environments. In controlled laboratory experiments with an enzyme (inor-
ganic pyrophosphatase) that catalyzed the phosphate oxygen isotopic equilibrium reaction (the reversible
reaction between orthophosphate and water by pyrophosphatase), equilibrium was achieved within 24h
at 22°C and within ~ 48 h at 6°C [Blake et al, 2005). The timescale for P turnover and phosphate isctopic equi-
librium in natural systems depends on growth conditions of the organisms in the system, concentrations of P
(P limiting or not), and other kinetic isotope effects on the phosphate oxygen isotope values [Bloke et al,
2005). The near equilibrium values of 5'%0p in the surface water at sites 33C and 5.2 in the early seasons
of the year (March-May) (Figure 5) suggest rapid P turnover, which is consistent with the low DIP and P limit-
ing conditions as indicated by the DIN:DIP, PC:PP, and PN:PP ratios (Figures 1b and 1c; see discussion above).
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The equilibrium 5'®0p values also suggest that P turnover is faster compared to transport of P by water and
material movements. In the Chesapeake Bay, water movement is characterized by a typical long-term grav-
itational circulation, consisting of lighter riverine freshwater water moving at the surface toward the ocean
and oceanic (saline) water flowing in the opposite direction on the bottom (toward the head of the Bay)
[Pritchard, 1956, 1967]. This is reflected in the large seasonal and spatial variations in water oxygen isotope
values (Figure 5), and the corresponding variations in S‘SOEq values (Figure 7). Tidal current is also an impor-
tant mixing mechanism in the Bay [Boicourt et al, 1999] and the cycle period is similar to the timescale for
rapid isotope equilibrium (24-48 h, see above). For a typical salinity variation of <2 psu within one tidal cyde,
the effect on '%0,,and S‘SOEq is ~0.5%x (based on the equations in Figure 5 and section 2.5), which is within
the uncertainty range of Sm()p values measured (Table 1) and thus can be neglected. The heavier a“‘op
values in the later seasons (July and September 2014) indicates the dominance of the source signatures
(eg., from remobilization of Fe-P; see discussion above), likely because of decreasing P turnover rates due
to increased supply of DIP in the summer, consistent with the low PCPP and PMN:PP values and thus
less/no P limitation after summer (see discussion above),

Whereas the 5'°0p values in the upper layers (5 and BP) showed strong seasonal variations, either following
the trends of S‘SOEq because of rapid P turnover or reflecting source signatures, the 5'°0p values in the
bottom waters showed relatively less variability (Figure 7). For example in March §'®0p values in the bottom
waters were similar to those in other seasons, although 8'%0¢g, were much higher. This suggests that P turn-
over in March is not sufficient to achieve 5'20;, equilibrium in the bottom waters, which is expected because
of slower growth of phytoplankton and microorganisms in the bottom waters due to the cold temperature in
early spring, and light limitation with high bottom turbidity in March (indicated by high TS5, Tables 51-53).
Interestingly, our 5'*Cp data suggest that in addition to the rapid P turnover in the surface water, P is substan-
tially cyded by organisms even in deeper waters (Figure 7): 5'*Op values below pycnodine (BP: 12-22 m) and
in the bottom waters (B: 23-31 m) were dose to equilibrium values (except in September at site 5.2 for BF,
and in March for B; see discussion above for the deviations from equilibrium). This may suggest rapid biolo-
gical P turnover and complete axygen isotope equilibration [Colman et al., 2005). While previous studies in
the Bay focused on nutrient limitation in the surface water (~ 0.5m) [eq., Fisher et al, 1992; Fisher et al,
1999; Malone et al, 1996; Prasad et al, 2010], substantial biomass is synthesized in the deeper euphaotic zone
as well where nutrient concentrations are high (Figure 2), and the nutrient limitation status differs from thatin
the surface (Figure 3 and discussion above). The regenerated P (via P remobilization and remineralization)
(Figure 2) may also be extensively utilzed to support primary productivity in the local deeper waters prior
to their export to the surface water.

5. Conclusions

Our analyses of the PCPMN:PP ratio, APase activity, and phosphate oxygen isotope composition suggest
strong seasonal and spatial (both lateral and vertical) variability in P availability and limitation in the Bay.
Phosphate oxygen isotopic compaositions identify the remobilization of terrestrial inorganic P (indicated by
heavier than equilibrium values of 5'%0g) and remineralization of organic matter (suggested by lighter than
equilibrium 5'%0p values) as important sources of dissolved inorganic P. Phosphorus is utilized and cycled
and thus isotopically equilibrated with ambient water by biological P turnover and well correlated with the
degree of P limitation. Although most biological P uptake occurs in the surface layers where DIP is low, P
regeneration from organic matter that sustains the high P levels in the deep waters is also extensively utilzed
and cycled to support biomass synthesis in the dee per euphotic zone, Efforts on understanding of P supply in
the Bay therefore should focus attention beyond P stoichiometry in the surface waters. Together, these meth-
ods and approaches are important in understanding the temporal and spatial variability in P sources, limita-
tion, and biological turnover in the Chesapeake Bay and provide useful insights for understanding P
availability and its controls on primary productivity in similar coastal eutrophic environments.
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