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Abstract Particulate phosphorus (PP) in the water column is an essential component of phosphorus (P)
cyding in the Chesapeake Bay because P often limits primary productivity, yet its composition and
transformation remain undercharacterized. To understand the mobilization of PP and P sequestration in
the water column, we studied seasonal variations in particulate organic and inorganic P species at three
sites in the Chesapeake Bay, using chemical extractions, 1-D 'F) and 2D ("H2"P) NMR spectroscopies,
and electron microprobe analyses. Our results suggest that an average of 9% and 50% of water column PP
was recycled in shallow and deep sites, respectively, primarily through remineralzation of organic P, which
was 3 times higher than Fe-bound P remobilization. P recycling efficdiency was highest in the warm and
anoxic seasons. Organic P compositions and concentrations responded strongly to seasonal and redox
variations: orthophosphate monoesters and diesters, and diester-to-monoester ratios (D/M) decreased with
depth; both esters and D/M ratios were lower in the anoxic waters in July and September. In contrast,
pyrophosphate concentration increased with depth and polyphosphate concentration was high in anoxic
seasons. Our analyses suggest the presence of Ca-phosphate minerals (Ca-P) in the water column but with
concentrations comparable to sediment Ca-P. It is unclear, however, whether authigenic precipitation
occurred in the water column or resuspended from sediments. Overall, these results reveal the dominance
of internal P cyding particularly via organic P remineralization and controlling P availability in the water
column of the Chesapeake Bay.

1. Introduction

Phosphorus (P) is frequently the limiting nutrient in aquatic ecosystems that controls primary productivity
and determines trophic states [Hecky and Kithamn, 1988; Karl, 2014). The Chesapeake Bay, the largest estuary
in the United States, has been suffering from summer eutrophication and hypoxia for several decades
[Cornwell et al, 1996; Hagy et al, 2004; Kermp et al, 2005). The high dissolved inorganic nitrogen to phos-
phorus ratios (> Redfield ratio) in the upper Bay and in early seasons (spring to summer) suggests that P
often limits primary productivity [Fisher et al, 1999 Kemp et al,, 2005 Prasad et al, 2010]. Water quality
restoration in the Bay is complicated by the temporally and spatially variable nutrient sources [Ator and
Denver, 2015]. Within the many external P inputs (such as river runoff, atmospheric deposition, point
discharges, and submarine discharge), particulate P is the major P input form [Biggs, 1970; Boynton et al,
1995; Conley et al., 1995; Keefe, 1994]. Remobilization of particular inorganic P phases (most importantly
P-bearing Fe{oxyhydrioxides; Fe-P hereafter) in the water column, espedally in hypoxic seasons, may
release a significant amount of dissolved P, the preferred P form for primary productivity [Boynton et al,
1995; Conley et al, 1995; Fitzsimons et al, 2012). As is the case for many aquatic ecosystems, internal P
supply via degradation of organic matter from primary production is also an essential contributor to bioa-
vailable P in the water column [Boynton et al, 1995; Hupfer et al., 1995; Cowan and Boynton, 1996]. On the
other hand, P sequestration in the water column (e.g, via authigenic precipitation of less reactive minerals)
is also a key component in P gycling, as the sinking particulates ultimately reach sediments and become a
longterm P sink [Faul et al, 2005; Hyadnthe and Vian Cappellen, 2004; Jilbert and Slomp, 2013; Lyons et al,
2011). Understanding the relative importance of the major sources/pathways (Fe axide-bound P remobili-
zation versus organic P remineralization) and sinks of bioavailable P and their spatial and temporal varia-
tions is crudal for nutrient management.
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In contrast to the sediments where P speciation, transformations, and effluxes across the sediment-water
interface have been extensively studied and models developed [eg., Boynton and Kemp, 1985 Boynton
and Bailey, 2008; Cowan and Boynton, 1996; Joshi et al, 2015; Wang et al, 2003), the settling particulates in
the Bay water column remain largely uncharacterized [Conley et al, 1995). Knowledge is scarce about water
column particulate P, not only in the Chesapeake Bay but also in other water bodies, in regard to their com-
positions (organic and inorganic P phases), cyding (remineralization and remobilization), and sequestration
processes, as well as their environmental controls such as temperature, salinity, and redox conditions [Paytan
et al, 2003; Read et al, 2014; Schenau et al, 2000; Sannigrahi and Ingall, 2005; Sekula-Wood et al, 2012]. The
strong spatial and seasonal variability in the Bay provides an excellent opportunity to investigate the
mechanistic controls of water column particulate P transformation in similar eutrophic systems.

This paper investigates the role of water column particulates in P cyding in the Chesapeake Bay. Here we pre-
sent results from a 2 year, multiseasonal investigation of the particulate P at three locations along the salinity
gradient in the Bay. We characterize the particulate P spedes in the water column of the Bay using chemical
extractions, solution 1-D [31 F) and 2D [1 H- F) NMR, and electron microprobe analysis (EMPA) with an aim to
understand the forms and transformations of settling particulate P—remineralization of organic P, remobili-
zation of Fe-P, and precipitation of authigenic Ca-P—as well as to identify their controlling factors.

2. Materials and Methods
2.1. Sample Collection and Physicochemical Characterization

Water and suspended particle samples were collected in the water column at three locations (sites 1.1,3.3C,
and 5.2) along the main stem of the Chesapeake Bay in multiple seasons aboard the R/V Kerhin in 2014-2015
(Figure 1a and Table 1). The sampling seasons (spring to early fall) covered the period of hypoxia develop-
ment in the Chesapeake Bay. The sampling sites were the same as those of the Tidal Main Stem Water
Quality Monitoring Project conducted by the Chesapeake Bay Program [2016], where water quality data are
available since 1984 (httpy//datachesapeakebay.net/WaterQuality). The freshwater site 1.1 is located at the
mouth of Susquehanna River, whereas sites 3.3C and 5.2 are located in the meschaline region downstream
from the turbidity maximum near the Bay bridge and mouth of the Potomac River, respectively (Figure 1a).
Sites 33C and 5.2 are located in the region of the highest productivity [Zhang et al, 2006)] but site 3.3C typi-
cally experiences the most intense eutrophication and longest summer hypoxia.

Water temperature, dissolved oxygen, pH, and salinity were measured in situ using a Hydrolab probe
(Hydrolab Surveyor ) attached to a sampling pump. Water samples were analyzed by the CBP for total
suspended particles (TS5), particulate phosphorus (PF), total dissolved phosphorus (TDP), dissolved soluble
reactive phosphorus (SRP, mostly inorganic P, therefore DIP is used hereafter), ammonium, chlorophyll a,
and pheophytin concentrations (for detailed description of the methods see Chesapeake Bay Program,
[2012]). In brief, water samples for these analyses were filtered in the field using 0.7 pm Whartman GF/F filters
and a vacuum pump to separate dissolved and solid substances (0.7 pm filter was chosen to avoid dogging,
and a study showed that the difference was insignificant between using 0.45 and 0.7 pm filters [Chesapeake
Bay Program, 201 2]. Particulate P concentrations were measured following the method of Aspila et al. [1976].
DIP was measured using the molybdenum blue method (EPA method 365). Total dissolved P (TDP) was
determined by digesting samples in acid and persulfate to convert all forms of dissolved P to inorganic ortho-
phosphate. Dissolved organic phosphorus (DOP) was calculated by subtracting DIP from TDP.

Separate particulate samples were collected to characterize P speciation. Suspended particles were collected
within ~ 24-40L of water for selected depth intervals (Table 1): surface (5; 0.5 m), above pycnocline (AP),
below pycnocline (BP), and bottom (B; 0.5m above the sediment-water interface). Samples were stored on
ice in coolers immediately after collection and were processed upon arriving at the laboratory at the
University of Delaware. Suspended particles were separated from the water samples using centrifugation
(Sorvall LYNX 6000), and Stokes’ law of settling was applied to obtain particulate P with 0.1 pm partide size.
Collected partides were lyophilized and homogenized prior to analyses. Some degree of oxidation for anoxic
samples may have occurred during sample handling which may have caused some artifacts (e.g., overestima-
tion of ferric Fe-P, although this is not likely to be significant as Fe-P in the anoxic waters is determined to be
low (see results),
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Figure 1. (a) Sampling sitesin the Chesapeake Bay (see Table 1 for mone details). (b) Vertical distdbutions of concentrations
of dissolved O (mg L ~"; solid), DIP {umol L~"; dashed), and DOP (umol L~ "; circles) in the water column of the Chesapeake
Bay. The chemocline is driven by both term peratune and salinity gradients (see Figune 51).

2.2. Fractionation of P Pools in the Suspended Sediment Particles

Solid-phase partitioning of P pools (both inorganic and organic P, noted as P, and P, hereafter) in the
suspended particles was determined in freeze-dried particle samples following chemical extractions
Particulate inorganic P was fractionated following the sequential sediment extraction (SEDEX) method
[Ruttenberg, 1992] into (i) exchangeable or loosely sorbed P (MgCl,-P), (i) ferric Fe-bound P (Fe-P), (iii) authi-
genic Ca-P (induding carbonate fluorapatite, biogenic apatite, and CaCOs-bound P), and (iv) detrital apatite P
(HCI-F). A fraction of samples were extracted for particulate organic P using 0.25 M NaOH to 0.05 M EDTA solu-
tion for 4 h [Cade-Menun, 2005], which likely also extracted P associated with Fe and Al (oxyhyr)axides [Hupfer
et al, 1995]. Concentrations of P; and total P (TP; after persulfate digestion) [Gales et al., 1966] in the extract
solutions were determined using the molybdenum blue method [Murphy and Riley, 1962]. Concentrations of
organic P were determined as the difference between TP and P;.

Table 1. Sampling Locations in the Chesapeake B.ay'

Site Date Depth (m) Sampling Depth (m)

1.1 3/20/2014 7.5 S5=05m; B=6m

1.1 5M4/2014 6.0 S5=05m; B=5m

1.1 7M8/2014 55 S5=05m; B=4m

1.1 9/17/2014 55 S5=05m; B=4m

1.1 5712015 6.0 S5=05m; B=5m

3ac a9 014 255 S5=05m; BP=18m;B=24m

33C 5/13/2014 240 S=05m; BP=13m;BE=23m

33C 7852014 250 S=05m; BP=17m;B=24m

3ac 9/16/2014 245 S5=05m; BP=14m;B=23m

33C 5/&/2015 255 S=05m; BP=16m;B=24m

33C T7/ANs 250 S=05m; AP=4rm; BP=15m; AB=21m; B=24m
33C 915/2015 240 S=05m;AP=4rm; BP=12m; AB=19m; B=23m
52 a9 014 EAN] S5=05m; BP=21m;B=31m

52 52,2014 320 S5=05m;BP=15m;B=30m

52 Tr04 305 S=05mBP=22m;B=2m

52 9M15/2014 305 S5=05m;BP=19m;B=29m

52 5/5/2015 EAN] S5=05m;BP=13m;B=30m

*Cite 1.1 was at the mouth of Susquehanna River (head of the Bay; latitude 39.54667°N, longitude —76.08167°W); Site
3.3C was at north of the Chesapeake Bay Bridge (latitude 38.99583°N, longitude —76.36000°W); Site 5.2 was at the mid-
channel, close to the mouth of the Potomac River (latitude 38.13667°N, longitude —76.22917°W). Sampling locations
(depths (m)) at each station follow the notation of suface (5), above pycnocline (AP), below pycnocline (BP), abowe
bottom (AB), and bottom (B).
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2.3. Electron Microprobe Analyses

Electron microprobe analyses were conducted on selected samples from site 3.3C (collected in July 2015) to
understand the chemical compositions and association of different elements. For this, freeze-dried particu-
late samples were ground and embedded with epoxy resin, after which cross section of mineral clasts was
exposed by cutting and polishing the epoxy assemblage. The samples were carbon coated for conductivity
prior to electron microprobe analyses in a JEOL 8530F electron microprobe at the Pacific Morthwest National
Laboratory. Energy-dispersive X-ray (EDX) spectroscopy was used for compositional analysis and distribution
of key elements including P, Fe, Ca, and 5i in particulate samples.

2.4. Nudear Magnetic Resonance (NMR): 1-D *'P and 2-D '"H-*'P NMR

Solution *'P NMR analyses were conducted on the lyophilized NaOH-EDTA extracted solutions to determine
the composition of organic P compounds in suspended particles. The NMR spectra were recorded by using
an Agilent VMMRS spectrometer operating at 600 MHz in the Environmental Molecular Scences Laboratory
at the Padfic Morthwest Mational Laboratory. Before measurement, samples were redissolved in 1.0M
NaQD and doped with 025 mM Gd-DTPA (gadolinium-diethylenetriamine pentaacetic add) to reduce relaxa-
tion delay. A Broad Band X-Observe probe tuned to *'P was used for the NMR analyses. Other NMR experi-
mental parameters were 90° pulse (184ps), 0.64 5 acquisition time, 45 recycle delay, 25°C, and 10,000
scans. The optimum recyde delay (45) was determined by arraying the recycle delay from 15 to 105 and
ensuring that there was no significant change in the intensities of the peaks in the spectrum. It should be
noted that addition of relaxation enhancement agent Gd-DTPA significantly reduced T1. Thus, a 45 recycle
delay is suffident for these samples. All recorded spectra were referenced to phosphoric acid at 0ppm.
Data were processed in MestRenova, zero filled to final size of 32,768 points and apodized with 10 Hz line
broadening. Phosphorus spedes and groups were quantified by integrating across chemical shift regions
(ppm) corresponding to each group, with region definitions based on Cade-Menun [2005]. Regions with
integrals less than 0 (due to small baseline errors) were set to 0.

Two-dimensional (2-0) '"H-*"P solution NMR analyses were conducted on selected samples to identify the
composition of the organic P compounds, using a Bruker Avance lIl 750 MHz spectrometer with a QX! probe
tuned to proton and *'P. The experimental parameters were 2048 points and 256 points (in the 'Hand *'P
dimensions, respectively), 20°C, 256 scans preincrement, and 2 s recyde delay, with a total acquisition time
of about 40h. The 2-D 'H-"P heteronuclear single quantum correlation (HSQC) spectra were referenced to
metaphenylenediamine (MPDA) at 16,92 ppm in the *'P dimension and 1.86 ppm in the proton dimension,
and MPDA chemical shift was referenced in 025 M NaOD to phosphoric acid at 0 ppm for *'P dimension
and 44-dimethyl-4-silapentane-1-sulfonic acid at 0 ppm for proton dimension. Peak assignments for P
compounds were based on the parameters obtained from standard organic P compounds (see supporting
information 51 for a list of standard compounds).

3. Results
3.1. Water Column Oxygen and Dissolved Phosphorus

The water column of the Chesapeake Bay exhibited strong spatial and seasonal variability in physical and
geochemical properties. At the northern freshwater site (1.1; 5.5-65m total depth), the water column
remained well oxygenated for the entire year (Figures 1b and 2). Total dissolved P (TDP) concentrations
remained low for all seasons at site 1.1 (DIP < 0.7 pmol L™, and DOF < 0.3 pmol L= Figures 1b and 2). At
the deeper middle and south sites (3.3C and 5.2), dissolved oxygen decreased with depth in all seasons
(Figure 1b) and was depleted in the bottom waters during summer stratification (Figure 2).
Correspondingly, DIP in the summer hypoxic/anoxic water column increased prominently with depth
(Figures 1b and 2). As the temperature decreased and stratification weakened in early fall, the water column
gradually recovered to the axic condition and DIP concentrations decreased correspondingly (Figure 2). DOP
generally followed a similar seasonal trend, but the increase was less than that of DIP (Figure 2). The
dissolved P pool during hypoxic/anoxic seasons was mostly contributed by DIP (DOP contributed 14-20%
and 20-30% at sites 3.3C and 5.2, respectively). The timing and extent of summer stratification and hypoxia
also exhibited spatial variability (Figure 2, and see Figure 51 for seasonality in vertical distributions of
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DIP (pmol L"), DOP (pmol L"), and NH,* (umolL ") in the bottom waters. e 1o TSS, concentrations of PP in

pmolg~") showed a clear trend of
decreasing PP with increasing depth (Figure 3 and Table 2). The major inorganic P pools in the suspended
particulates are MgCl-P (average 27 +23 pmolg "), Fe-P (average 82 £5.8 pmol g "), and authigenic Ca-
P (average 4.0+ 3.0pmol g '). Concentrations of detrital P were relatively low (average 050+ 052 pmolg '),
Authigenic Ca-P concentrations generally increased with depth in all seasons (Figure 3). Fe-P concentrations
decreased with depth in all seasons at site 33C (Figure 3). Detrital Ca-P pools did not show noticeable varia-
bility either seasonally or spatially. Total P concentrations in MaOH-EDTA extracted solution (TPysom-enma) ran-
ged from 15 to 141 pmolg ™!, contributing = 36% of the PP (Table 3 and Figure 4). Organic P extracted by
NaOH-EDTA solution (P, jaomeors) 2ccounted for ~4-67% of NaOH-EDTA extracted total P (TPyuomsnts)
and decreased with depth (Table 3).

3.3. Electron Microprobe Analyses

EMPA analyses indicated the presence of several minerals, identified by morphology and elemental compo-
sition, induding some common silicate phases (e.g, quartz, feldspar, mica, and clay), iron sulfides and oxides
(eg., titanomagnetite), and calcium phosphate (Figure 5). The mineral aggregates were generally smaller
than 10 pm in diameter, and the individual mineral clasts were usually 1-2 pm across (Figure 5). The identi-
fication of a specific mineral, for example, calcium phosphate, was based on numerous measurements of
phosphate-bearing clasts, which confirmed that elements other than Ca and P were not consistently and uni-
formly present in the clasts analyzed. The image and EDX spectrum presented in Figure 5 was representative
of an assemblage (<10 pm diameter) with a calcium phosphate clast within minute aggregates of other
minerals (grains of iron sulfide, titanomagnetite, mica, and silicate).

3.4. Solution 1-D *'P and 2-D "H-*'P NMR Spectroscopy

Solution *'P NMR spectra of suspended particles at site 3.3C are presented in Figure 6. Inorganic orthopho-
sphate (6 to 7.5 ppm) was presentin all samples as one of the most dominant peaks. Other inorganic P forms
included pyrophosphate and polyphosphate (peaks at —3 to —5ppm and —17 to —21 ppm, respectively).
Major organic P compounds well resolved from the spectra included orthophosphate monoesters (6 to
2.75 ppm) and diesters (2.75 to — 1 ppm). Both monoesters and diesters exhibited multiple pronounced peaks
within the integration regions. Peaks in the orthophosphate monoesters region may indicate a wide range of
compounds induding mononudeotides, components of phospholipids, inositol phosphates, and many other
metabolically important sugar phosphates [Cade-Menun, 2015). The multiple peaks in the orthophosphate
diester region are most likely contributed by deoxyribonucleic acid and phosphaolipids [Cade-Menun, 2005].
The 2-D "H-*"'P HSQC spectra for selected samples are presented in Figure 7, which shows the presence
of the specific orthophosphate monoester compounds, including mononudeotides (eg., 3" Adenosine

LI ET AL

PARTICULATE PHOSPHORUS IN THE CHESAPEAKE BAY 5



@AGU Journal of Geophysical Research: Biogeosciences  10.1002/2016J6003572

Table 2. Total Suspended Solids (TS5), Particulate Phosphorus (PP), and Extractable P (MgCl-P), Ferric Iron Bound P (Fe-F), Authigenic Ca-P (MaAc-P), and Detrital
Ca-P (HCI-P)) in the Water Column of the Chesapeake Bay'

PP
Site  Time Depth(m) TSS(mgl ") (ugl™ ") (umolg ') MgQyP (umolg ') FePiumolg ') MNaAc-P(umolg ') HCEP (umolg )
11 14 Mar 05 133 248 602 0.7 1.2
6.0 147 261 573 1.4 1.5
14 May 05 a8 284 1041 25 100 29 0.51
50 104 na 97.1 22 148 4.5 0.63
14 Jul 05 48 220 147.8 29 180 26 a1
40 56 1946 1129 13 147 1.6 19
14 Sep 05 68 243 1148 23 125 58 1.0
40 64 204 1028 25 78 a4 21
15 May 0.5 108 238 1.1 20 14.5 7.3 1.6
50 148 298 650 13 48 7.6 14
33C 14 Mar 05 48 163 110
18 176 356 652 13 069
24 254 458 580 61 0.70
14 May 05 7.6 211 896 1.0 0.8
13 7.2 193 864 59 127 132 037
23 14 27.0 62.1 1.5 068
14 Jul 05 128 388 978 19 0.60
17 7.2 19.7 883 a8 1.7
24 20 159 644 60 1.0
14 Sep 05 108 3.2 931 0.97 0.15
14 6.4 a7 438 1.8 0.51
23 104 128 530 29 13
15 May 05 45 129 924 087 65 17 0.10
16 48 159 107 12 33 11 0.8
24 225 345 495 11 13 13 053
15 Jul 05 120 55.0 148 125 17.8 1.8 0.16
4 64 231 116 16 80 1.5 0.10
15 7.2 17.7 79 14 29 arz 0.10
21 12 29 a8 0.10
24 553 538 30.7 12 1.7 5.4 047
15 Sep 05 64 180 90.7 23 19.9 56 0.08
40 56 1.2 64.5 as 6.6 1.4
12 a2 11.7 1n79 40 145 58 0,06
19 48 38 15 0.03
23 11 86 759 14 0.10 51 0.05
52 14 Mar EY 296 346 380 45
14 May 0.5 57 11.1 630 4.4 56 0.71 0.05
15 66 1.0 538 59 18 024
30 22 265 389 12 34 46 036
14 Jul 05 62 216 124 43 16 02 0.06
22 13 1.0 108 034 14 081
15 May 05 60 9.1 490 12 1.9 0.05
13 15 126 271 083 532 034
30 44 357 262 080 28 Y 02

*155 and PP are from CBP Water Quality Database.

monophosphate (AMP)), the phospholipid components phosphocholine, e-glycerophosphate and §
glycerophosphate, and the sugar phosphates: glucose-1-phosphate and fructose-1-phosphate. The
number and quality of peaks in the 2-D MMR spectra were highest in the samples from March 2014,
followed by those from July 2014, and were least for samples from May 2014 (Figure 7).

The concentrations of different P forms calculated from NMR peak integration are shown in Figure 4 and
Table 3. In all samples, > 33% of extracted P was inorganic orthophosphate, with its concentration generally
increasing with depth and highest concentrations present in July (Table 3). The most dominant organic P
compounds were orthophosphate monoesters (~8-43% in surface water), followed by orthophosphate
diesters (~2-20% in surface water), pyrophosphate (< 14%), and polyphosphate (< 5%). Both orthophosphate
monoester and diester concentrations decreased with depth (Figure 4). Pyrophosphate concentrations in
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Table 3. Concentrations of NaOH-EDTA Extracted Particulate P (TPysom-enTA: SAPNacH-DTA: and Popjacw-eoTa Represent Total P, SRP, and Organic P; D/M
Represents the Diesters to Monoesters Ratio), Authigenic Apatite P (Mafc Solution (pH = 4) Extracted), and Detrital Apatite P (1 M HC Extracted) in the Water
Column of the Chesapeake Bay™

MaOH-EDTA Extracted P

TPN.d:rI-l-EDT{a. SHPMDH-ED';.A Por N.aDH-EDT{'a. Pyre-P  Poly-P  OnthPf
Site  Time  Depth (m) {pmolg {pmol g™ ) {pmolg Monoesters (%) Diesters (%) (36) (%) %) D/M  Recovery
1.1 14 Mar 05 (48.6%) 79 75 132 L] 514 027
50 (52.4%) 300 85 136 03 4756 028
33C 14 Mar 18 (49.3%) 347 6.4 6.1 21 50.7 018
24 (52.3%) 204 51 67 0 477 o012
14 May 05 65.0 293 358 (55%) 343 199 0.1 1.0 447 058 4%
13 (3196) 202 78 34 L] 68.7 039
23 490 39.2 98 (209%) 128 1.1 52 05 804 0086 82%
14 Jul 05 114 102 11.3 (109%6) 79 15 05 ] 90.0 0.19 117%
17 9356 861 7.5 (8% 54 14 09 L] 923 0.25 106%
24 933 89.6 3.7 (4% 25 0.1 1.1 L] 96.2 0.04 156%
14 Sep 05 60.0 336 264 (44%) 365 39 33 0.1 562 0.1 65%
14 (16.3%) 120 0 40 03 837 0
23 54.7 40.5 14.2 (26%) 174 ] 85 ] 740 ] 111%
15May 05 (45%) 273 139 36 0 552 051
16 (4496 342 6.5 30 L] 562 019
24 458 9.0 368 (149%) 91-142 14 0811 0.7 864 015 89105
15 Jul 05 141 66.3 74.7 (53%) 184 58 70 39 648 032 729606
4 733 401 332 (45%) 387 57 104 03 448 0.15 40-65%
15 653 524 131 (2096) 148 0.1 24 L] 827 0007 87%
21 283 249 24 (125%) 39 L] 52 05 903 L]
24 20.7 171 36 (179%) 29 0.2 45 49 874 0069 B4%
15 Sep 40 282 107 17.5 (629%) 431 21 5 0 498 0049  56%
19 15.1 78 7.1 (47%) 512 (] 532 05 488 (]
52 14 Mar 3n (66.656) 569 88 09 L] 334 0.15

*Mumbers in parentheses for Py indicate percentage of Py in TP extracted by MaOH-EDTA solution. Recovery was calculated based on the total PP measured
(Table 2).

2014 samples showed an increasing trend with depth (Figure 4). However, such a trend was not clear in
samples collected in 2015.

4. Discussion
4.1. Particulate P Recyding: Organic P Remineralization and Fe-P Remobilization

The strong correlation between dissolved oxygen and P in the Chesapeake Bay water column is characteristic
of eutrophic and hypoxic agquatic environments [Kalff, 2001]. During the intensive spring algal bloom
(Figure 2), rapid consumption of dissolved oxygen and strengthening of stratification led to bottom hypaxia
(Figures 1 and 2). The elevated concentrations of dissolved P (DIP and DOP; Figures 1b and 2} in bottom
waters were likely caused by remobilization of particulate P, suggested by the decrease of PP with depth
(Figure 3 and Table 2). Assuming that the suspended partides in the surface water represent the most fresh
material and the partides in the bottom waters represent those deposited in the surface sediments, P mass
balance calculations (Table 4) showed that ~9-50% of the particulate P was recycled into the dissolved P pool
(defined as P recycling efficdency (Rg; Table 4 and Figure 8). Rp values were higher at sites 3.3C and 5.2 (aver-
aging 51% and 49%, respectively) compared to RAp values at site 1.1 (average 10%) during 2014-2015.
Similarly, a calculation based on 20years data (1996-2015; Table 52) shows that Rp values at sites 3.3C and
5.2 were statistically higher (F(2, 271) = 78.0, p < 0.001; analyses of variance (ANOVA) in Table 53), likely due
to more reactive autochothonous organic matter, longer partide settling time (deeper water), and hypoxic
water column thus more Fe-P dissolution. P recyding efficiency was generally higher in the summer
(July and September) compared to that of the spring (March and May) (Figure 8 and Table 52; ANOVA in
Tables 54-56). These seasonal variations are expected due to higher metabolic rates (of organic P reminera-
lization) (Figure 2) and reductive dissolution of redox sensitive Fe-P in summer. For example, > 90% of the
Fe-P was recycled within the water column at site 3.3C in hypoxic summer (July and September; Table 2).

LI ET AL PARTICULATE PHOSPHORUS IN THE CHESAPEAKE BAY 7
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Remineralization of organic P is essential in supplying bioavailable P in the Chesapeake Bay water column,
suggested by the significant decrease of P, with depth (Table 3 and Figure 4). This is also consistent with
decrease of particulate carbon and nitrogen, indicating remineralization of organic matter (see Figure 52).
In fact, our results show that organic P remineralization is more important than Fe-P remobilization in supply-
ing bioavailable P. Particulate P in the water column in general consists of more organic P than Fe-P (Tables 2
and 3). For example, in July 2015, Fe-P in the surface water at site 3.3Cwas 17.8 pmol g, which decreased to
1.7 pmol g ! (Table 2); the decrease of (17.8-1.7)= 16.1 pmol g ' in Fe-P was only ~ 23% of the decrease in P,
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Figure 4. Vertical distributions of hlam -EDTA extracted P in suspended partiches at site 3.3C, including total NaOH-EDTA

extracted P (TPpaom-enTa; pmolg }and major organic P species (orthophosphate monoester P and orthoph osphate
diester P; 95 and pyrophosphate (%), Data at the top and bottom panels are from 2014 and 2015, respectively.
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((747-3.6)=71.1 pmolg ™ "; Table 3).
Organic P remineralization in the
water column of the Chesapeake
Bay likely has been underestimated:
partides collected at the surface
water may have undergone a certain
degree of remineralization, and some
of the organic P in the bottom water
may be newly produced (benthic
production is < 10% of the total pri-
mary productivity in the Chesapeake
Bay) [Kemp et al, 2005].

Eutrophication in the Chesapeake
Bay was caused by increased load-
ings of nutrients due to anthropo-
genic alteration of the watershed
since the seventeenth century,
induding land dearance, fertilizer
use, and increase of rivering inflow
carrying nutrients into the Bay
[Boynton et al, 1995 Kemp et al,
2005; Zmmerman and Canuel, 2002,
Development of summer hypoxia in
the Bay over the past several decades
has increased the wulnerability of the
Bay to external P input, as our results
suggest that< 10% of the FeP

Figure 5. Backscattered electron photomicrograph of a Ca-P-bearing sedi- .o hed the sediments as a P sink
ment clast Ca-P (P) associated with other minerals in a micrometer-scale . .

mineral assemblage. The energy-dispersive ¥-ray spectrum (EDS) from P while the remaining > 90% was
shows the inclusion of Ca and P; other elements orginated from the recycded within the water column in
sumrounding materal; Ca-P grains generally did not consistently include hypaxic seasons (Table 2). Whereas
elements other than Ca and P. T: titanomagnetite; F: iron sulfide; M: mica; 5 the external P inputs to the Bay are

silicate. Mineral species wene deduced from EDS spectra, predominately inorganic (and parti-

culate) forms [Boynton et al, 1995
Kemnp et al, 2005], active biological uptake has transformed P into organic forms that are accumulated and
recycled within the system. This is demonstrated by ouwr results showing higher organic P than Fe-P and
the dominance of organic P remineralization in sustaining primary productivity. With the dominance of
internal P recycling, a projected decrease of nutrient loadings to the Bay [Roberts et al,, 2009] may not promise
rapid recovery of water quality and reducing eutrophication; rather, it improves water quality in the
long term.

4.2. Organic Phosphorus Compositions

Orthophosphate monoesters and diesters are the dominant organic P groups in the Chesapeake Bay water
column particulates, similar to other marine and freshwater systems [Carman et al, 2000; Paytan et al,
2003; Cade-Menun, 2005; Ahlgren et al,, 2006; Cade-Menun et al, 2006). The multiple peaks in 1-D 3p and
2-D "H-*"P NMR spectra suggest the complex makeup of the monoester and diester groups (Figures 4 and 6).
The presence of phosphocholine, a-glycerophosphate, and fglycerophosphate (Figure 6) likely resulted
from degradation of phospholipids phosphatidylcholine and glycerophospholipids. Seasonal variability in
the complexity of the organic P compositions was suggested by the 2-D NMR spectra (Figure 7). The compo-
sition of organic Pin March 2014 samples was remarkably more complex than that in May 2014 (more peaks
in March; Figure 7). This is likely because of the lower temperature in March (Figures 2 and 51), as temperature
affects remineralization rates of organic matter (see below). Interestingly, the complexity of particulate
organic P compositions increased in July (Figure 7), regardless of the continuing increasing temperature
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(July 2015).

(Figure 1). This is likely due to the effect of anoxic condition developed in late summer (early June to mid-
September; Figure 1) and less effident anaerobic remineralization of relatively refractory organic matters
(see below).

4.3. Organic P Transformations and Diesterto-Monoester (D/M) Ratios

Remineralization of settling organic debris in the water column was indicated by decrease of both orthopho-
sphate monoesters and diesters with depth. Caution is needed for quantitative interpretation of these results
because transformation may occur during sample processing: rapid degradation of RMA (an orthophosphate
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ERL

diester) during the extraction
[Makarov et al, 2002] may lead to
underestimation of orthophosphate
diesters and overestimation of ortho-
phosphate monoesters. Interestingly,
relatively low percentages of both
esters in surface water were found
in July (Figure 4), which may indicate
intensive remineralization of organic
matter at the surface water. The
diester-to-monoester  (D/M)  ratios
can be used as an indicator of the
degree of organic matter reminerali-
zation: a lower D/M ratio suggests
higher degree of remineralization,
because orthophosphate diesters
are more labile than monoesters
[Paytan et al, 2003; Ahlgren et al,
2006] and diester degradation gener-
ates monoesters. The D/M ratios of
the suspended particles at site 33C
generally decreased with depth in
all seasons (Figure 4 and Table 3),
consistent with organic P degrada-
tion. The D/M ratios were also lower
in July and September compared to
those in May (Figure 4). Assuming
that contributions from degradation
of RMA to orthophosphate monoe-
sters during extraction are similar
between different seasons, the low
O/M ratios in July and September
may suggest enhanced remineraliza-
tion of organic P at high temperature
in summer.

Changes in redox conditions over the
summer and early fall (May-5ep) may
also impact organic P remineraliza-
tion and D/M ratios. A previous study
has suggested less efficient degrada-
tion of diesters in anoxic sediment
[Carman et al,, 2000]. If this is also true
in the water column, our results
lower D/M ratios in anoxic water
column) may suggest that the
oxic/anoxic conditions have a stron-
ger effect on degradation of monoe-
sters compared to that of diesters. In
other words, the difference between
degradation rates of diester and

monoester may be even larger under anaerobic conditions. It was suggested that less effective remineraliza-

tion of relatively refractory organic matter occurs under anoxic versus oxic conditions, while labile organic
matter is less oxygen sensitive [Burdige, 2007, and references therein]. Our results are consistent with the
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Table 4. Recycling Efficiency of Particulate Organic P (fp; %) in the Water Column of the Chesapeake Bay"

Recycling Efficiency
Time 1.1 33C 52
14 Mar 4.8% 45.7% 253%
14 May 6.7% 3.8% 56.6%
14 Jul 23.6% 59.0%; 46.9% 53.4%; 202%
14 Sep 15.7% 10.4% S58.8%; 44.7% 63.7%
15 May 8.6 528% 59.1%
15 Jul 1% 79.3% 67.9%; 620%
Average 9.4 +6:4% (21.5 + 15.5%) 50.2 +14.5% (51.6+17.7%) 478 + 17.9% (51.0 + 20.49%)

*Remineralization eFﬁclenq' (Rp) was calculated as (PP — PPg)/PP5 x 1009 where PP5 and PPg stand for concentra-
tions of particulate P (mg L) in suface (or depth with maxdmum PP) and bottom water, respectively (see Tables 2
and 51 for PP and T55). When the bottorn water experienced strong sediment suspension (eq., in 14 March) and P
concentrations (as mass per volume water) were strongly affected by In.crease of sediment mass in the bottom waters
{seeTSS in Table 2), PP concen trations as mass per sediment mass (inpmol g } were used for the calculation of Rp (indi-
cated as underlined numbers). For consistency and easy comparison among sites the average values were calculated
using the underlined numbers. Twenty years of historical data (from 1996 to 2015) wene also used to calculate P recycling
efficiencies; the average and standand deviation for each site are given in parentheses (also see Figure 8 and Table 53).
This calculation using PP concentrations as mass per sediment mass {Inpmulg_‘} undenestimates the reminerliztion
eFﬁcIency,' as the decrease of sediment P should account for both 'H'ie decrease of P concentration in sediments
{pmol g ) and the decrease of sediment content inwater (TSS mg L~ } (see comparison of results from the two differ-
ent calculations, at 1.1 (14 September), 3.3C (14 July and 14 September), and 5.2 (14 and 15 July).

selective concentration of less labile fractions observed under anoxic conditions [Burdige, 2007). However,
caution must be taken when comparing our results in the water column to those in sediments [e.qg,
Carman et al, 2000], where organic P may less reactive. Degradation of organic P and of bulk organic
matter (induding C and M) may also be different. Variability in D/M ratios may also be a result of changing
biological communities. Mevertheless, the DVM ratios could be a useful proxy for understanding the
composition and remineralization of organic P, suggesting strong seasonal and spatial variability in
organic P transformation in the water column of the bay.
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Figure 8. P recycling efficiency (Rp) in the water eolumn of the Chesapeake Bay (plotted for data from 1996-2015). The red
line marks the median value; bottom and top of the box marks the 25th and 75th percentiles for the data set (Le, 25% and

75% of the values are below); height of the box represents the interquartile range (IQR); ends of the whiskers mark the
highest and lowest values of the data set that ane within 1.5 times the IQR; outliers are beyond 1.5 10R.
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Figure 9. Saturation states of carbon fluorapatite (CFAP) and octacalcium phosphate (OCP) in the water column of the
Chesapeake Bay,

4.4. Pyrophosphate and Polyphosphate

Increased pyrophosphate concentration with depth in 2014 (Figure 4 and Table 3) may suggest rapid degra-
dation of polyphosphates and/or other energy storage compound (such as ADP and ATP), as pyrophosphate
itself can be rapidly degraded [Ahlgren et al, 2005). The high concentrations of polyphosphate in the anoxic
water columnin July 2015 are interesting. It is suggested that polyphosphate may be redox sensitive and can
be degraded rapidly in anoxic sediments [Carman et al, 2000; Cade-Menun et al, 2006; Hupfer and Riibe, 2004;
Diazetal., 201 2). We hypothesize that in the Chesapeake Bay, polyphosphate may have been produced in the
aerobic surface waters and subsequently settled down to anoxic water and reached the bottom before being
fully degraded within the water column (<25m at site 3.3C). Biological synthesis of polyphosphate likely
occurs in the summer when DIP concentrations in the anoxic/hypaxic waters are high, resulting in an
increased P flux to the surface water and “luxury” P uptake [Khoshmanesh et al, 2002; Martin and Van
Mooy, 2013). The high production of poly-P in the surface water in summer and its subsequent degradation
in the deeper anoxic waters (also suggested by the higher pyrophosphate) may provide a second positive
feedback for P recycling in the Bay besides the dassical Fe-P coupling, atthough further quantitative investi-
gation is needed for understanding its importance in the bay.

4.5. Authigenic Calcium Phosphate in the Water Column

The high concentrations of NaAc extractable P, a common indicator for authigenic carbonate fluorapatite
(CFAP) in marine sediments [Ruttenberg, 1992; Ruttenberg and Berner, 1993], may suggest the presence of
authigenic Ca-P in the water column of the Chesapeake Bay. EMPA ako suggests the presence of discrete
Ca-P grains (Figure 5). Although EMPA cannot discriminate authigenic CaP (predpitated in the water col-
umn) from exported Ca-P (eq., dust deposition) [Eisink et al, 2000], the increase of Ca-P concentrations with
depth (Figure 3) may suggest in situ predipitation or mineral growth while settling. While contributions from
resuspended sediments cannot be excluded, the seasonal trends of sediment resuspension (high in March
and May) were inconsistent with the trends of Ca-P (high in July). In contrast, the similar trends of DIP and
Ca-P (Figures 1 and 3) suggest Ca-P precipitation due to saturation. Thermodynamic calculations (see 52) sug-
gest that the water was supersaturated with CFAP and its precursor octacalcium phosphate (OCF) [Atias,
1975; Gunnars et al, 2004] (Figure 9). The trends in Ca-P saturation index (Figure 9) are also consistent with
the increasing Ca-P and the decreasing particulate P concentrations with depth (Figure 2 and Tables 2 and 3),
indicative of Ca-P precipitation at the expense of other forms of PP (e.g, organic P). Formation of authigenic
Ca-P in sinking particulate from other forms of P was also suggested by recent studies in marine environ-
ments [Faul et al, 2005; Lyons et al,, 2011].

CFAP mineral is commonly formed in many marine sediments as an important long-term P sink [e.g, Johnke
et al., 1983; Ruttenberg and Berner, 1993]; however, its predipitation in water column is rarely reported.
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Concentration of Ca-P in the water column is comparable to that in sediments (3-5 pmolg ' at mesohaline
sites), which constitutes ~ 40% of the long-term P sink as sediment burial (with the remaining 60% attributed
to Fe-P burial) [Joshi et al, 2015). Precipitation of CFAP in seawater is hindered by the low phosphate concen-
trations [Martens and Harriss, 1970] and the slow kinetics of nucleation [Martens and Hamiss, 1970; Atlas and
Pytkowicz, 1977; Van Cappellen and Berner, 1991]. In the hypoxic waters of the Chesapeake Bay, precipitation
of CFAP is thermodynamically favored due to the high phosphate concentrations. Mucleation may be facili-
tated by formation of Ca-P precursors (e.g, OCP forms within several days) [Atlas, 1975], while recrystallization
into apatite can occur in sediments on longer time scales [Gunnars et al., 2004; Oxmann and Schwendenmann,
2014, 2015). kt was also suggested that polyphosphate may serve as a template for apatite nucleation [Diaz
et al,, 2008]: in the Chesapeake Bay the high concentrations of polyphosphate in July also coincided with
the high Ca-P concentrations. Further rigorous investigation is needed for the possibility and mechanisms
of authigenic CaP predpitation and its contribution to P sequestration in the Bay (Table 4).

5. Conclusions and Implications

Qur findings on the compositions and transformations of particulate P in the water column provide several
insights into the P cycling in the Chesapeake Bay. First, remineralization of organic P is the dominant contri-
butor for resupplying dissolved P into the water column of the Chesapeake Bay rather than remobilization of
Fe-P. This suggests that internal P cyding is more important in sustaining the primary productivity in the
short term (e.g, in seasonal time scale) compared to the external P input. Therefore, nutrient management
to reduce watershed P inputs may not improve the water quality rapidly. However, such efforts could help
reduce eutrophication in the long term; due to the effective Fe-P remobilization in hypoxic waters, accelera-
tion of eutrophication likely occurs if P loadings increase. Second, our results highlight the complexity of the
feedback mechanisms between hypoxia and eutrophication: while the extent of hypoxia/anoxic in the bot-
tom waters regulates P immobilization as anoxic, conditions in summer and early fall are favorable for Fe-P
dissolution; more efficient remineralization of particulate organic P, which constitutes a much larger fraction
of the sinking particulate P, occurs in oxic rather than anoxic conditions. Precipitation of Ca-P in the water
column as a P sink promoted by high P concentrations in the hypoxic waters may ako decrease recycled
P. On the other hand, polyphosphate cyding (synthesis and degradation) in the hypoxic water column
may provide another positive feedback mechanism besides the Fe-P coupling.
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