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Abstract

The plasticity of nitrogen specific net growth efficiency (NGE) in marine mesozooplankton is currently
unresolved, with discordant lines of evidence suggesting that NGE is constant, or that it varies with nitrogen
source, food availability, and food quality in marine ecosystems. Specifically, the fate of nitrogen from nitro-
gen fixation is poorly known. We use *N : N ratios in plankton in combination with hydrological data,
nutrient profiles, and nitrogen fixation rate measurements to investigate the relationship between new nitro-
gen sources and the nitrogen specific NGE in three plankton communities along the outer Amazon River
plume. The NGE of small (200-500 um) mesozooplankton was estimated from the SN differences between
particulate nitrogen and zooplankton using an open system Rayleigh fractionation model. The transfer effi-
ciency of nitrogen among larger (> 500 um) mesozooplankton was estimated from the change in 6'°N as a
function of zooplankton size. The Amazon River was not a significant source of bioavailable nitrogen any-
where in our study region, and subsurface nitrate was the primary new nitrogen source for the outer shelf
community, which was dominated by diatoms. N, fixation was the principal new nitrogen source at sites of
high diatom diazotroph association abundance and at oceanic sites dominated by Trichodesmium spp. and
Synechococcus spp. Although we found clear spatial differences in food quantity, food quality, and diazotroph
inputs into mesozooplankton, our data show no significant differences in mesozooplankton nitrogen transfer
efficiency and NGE (for latter, mean * SD: 59 = 10%) among sites.

The movement of new nitrogen through pelagic food parameter in biogeochemical models (Touratier et al. 2001;
webs is critical to marine secondary production and the effi- Anderson et al. 2013; Mitra et al. 2014). A variety of con-
ciency of nitrogen transfer may be especially sensitive to trolled laboratory experiments (Checkley 1980; Berggreen
changes in phytoplankton community structure associated et al. 1988; Kiorboe 1989) suggest that zooplankton NGE is
with climate change (Hutchins et al. 2007; Paerl and Huis- consistently around 45% (Touratier et al. 1999; Touratier
man 2008). In zooplankton, the proportion of assimilated et al. 2001), while field studies suggest that NGE is much
nitrogen that is used for growth is called the nitrogen net ~ more variable, ranging from 18% to 72% (Le Borgne 1982
growth efficiency (NGE), a critical, but poorly constrained and references therein), and sensitive to food quality as

shown by the model of Anderson and Hessen (1995).

B The movement of nitrogen (N) through the phytoplankton
Present address: Leibniz-Institute for Baltic Sea Research Warnemuende, into the mesozooplankton community can be tracked and
Rostock, Germany quantified by means of stable nitrogen isotope analysis (Peter-
*Correspondence: natalie.loick-wilde@io-warnemuende.de son and Fry 1987). The natural abundance of stable nitrogen
Additional Supporting Information may be found in the online version of isotopes in plankton reflects the sources of N supporting bio-
this article. logical production, as well as the physiological processes that
e ™ iy e oo may alter sotopc abundance within the ecosyster (Mortoya
' et al. 2002; Martinez Del Rio et al. 2009). The §'°N (%, devia-

distribution in any medium, provided the original work is properly cited, the 1e 4
use is non-commercial and no modifications or adaptations are made. tion in °N : "N between a sample and atmospheric N,) of
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mesozooplankton and particulate organic nitrogen (PN) in
particular reflect the origin, movement, and transformation of
nitrogen in the upper water column (Goering et al. 1990; Fry
and Quinones 1994; Benner et al. 1997).

The NGE of mesozooplankton can be estimated from the
difference in the §'°N of mesozooplankton and PN (A9) if
the physiological processes that fractionate the nitrogen iso-
topes are accounted for (Montoya 2007; Montoya 2008). The
release of '*N-depleted ammonium (NH;) through excretion
appears to play a pivotal role in enriching an animal’s tissues
in N, typically by 29,-49%, relative to its diet (Minagawa
and Wada 1984; Bada et al. 1989; Gannes et al. 1997).

The major factors that can affect NH; excretion rates of
ammonotelic (ammonium excreting) zooplankton include
temperature, body size, nutritional status, food quality, light,
and salinity, whereas the principal feeding mode (e.g., carni-
vory, herbivory, or detrivory) does not appear to have a
strong effect on excretion rate (reviewed by Steinberg and
Saba 2008). From a physiological point of view, the increase
in 6N with trophic position (trophic effect) results from
the partitioning of assimilated dietary nitrogen between new
biomass and NHj excretion (Montoya 2008). In other words,
the greater the fraction of assimilated nitrogen released
through excretion, the greater the trophic effect and the
higher the resulting 6'°N of the animal’s biomass.

PN and mesozoplankton differ in their turnover times
and in the type of information they provide on ecological
processes over time scales of hours to weeks (Montoya 2007).
The 6'°N of PN is sensitive to the sources of N (e.g., nitrate,
ammonium, N;) and the uptake mechanisms supporting
production (Minagawa and Wada 1986; Carpenter et al.
1997; Waser et al. 2000). This baseline 6'°N can be modified
by transient events including phytoplankton blooms driven
by the injection of subthermocline nitrate into surface
waters or by inputs of regenerated ammonium from hetero-
trophs (Altabet 1989; Waser et al. 2000). Repeated sampling
of PN in the water column and vertical integration of the
0'°N of PN can provide a measure of the average isotopic
state of the upper water column (Altabet and McCarthy
1985; Montoya et al. 2002; Montoya 2007). The §"°N of zoo-
plankton integrates over longer time scales that reflect ani-
mal growth rates, and is, therefore, less sensitive to transient
events than the 6N of PN (Montoya 2007). The difference
in 6"°N between PN and zooplankton at any time is thus a
time-averaged value that reflects the cumulative impact of
the animal’s feeding and excretory processes over the ani-
mal’s characteristic N turnover time. This in turn provides
an estimate of the “time integrated” NGE in the planktonic
food web (Montoya 2007).

A number of lines of isotopic evidence indicate that the
incorporation of nitrogen from diazotrophic (N,-fixing) phy-
toplankton into mesozooplankton at oligotrophic sites is
highly efficient, and may be more efficient than zooplankton
incorporation of nitrogen from phytoplankton supported by
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nitrate in more eutrophic waters. For the tropical North
Atlantic, relevant observations include high in situ incorpo-
ration rates of diazotroph nitrogen into mesozooplankton
(O'Neil et al. 1995), small differences in 6'°N among zoo-
plankton size fractions (Montoya et al. 2002), and correla-
tions between ¢'°N values of amino acids from
Trichodesmium and various zooplankton size fractions
(McClelland et al. 2003). Furthermore, high in situ diazo-
troph nitrogen incorporation rates into the amino acid nitro-
gen of mesozooplankton have been observed in the Baltic
Sea (Loick-Wilde et al. 2012).

Diverse N, fixing communities occur in tropical river-
ocean systems like the Amazon or Mekong River plumes,
where multiple allochthonous and autochthonous nitrogen
sources may be important (Voss et al. 2006; Foster et al.
2007; Moisander et al. 2008). In such dynamic systems, a
variety of hydrographic (e.g., T, S, nutrient concentrations),
biological (e.g., community composition and rates of activ-
ity), and biogeochemical (e.g., 5'°N and 6'*C) measurements
provide insight into the dominant organic and inorganic N
sources supporting different plankton communities (Fry and
Sherr 1984; Voss et al. 2006; Loick et al. 2007). Here, we
present a comprehensive set of isotopic measurements of dis-
solved organic carbon, particulate organic carbon, particulate
organic nitrogen, and mesozooplankton collected in the
outer Amazon River plume in the context of hydrological,
chemical, and biological measurements from the same
cruise. A recent paper by Goes et al. (2014) described the
phytoplankton biogeography of the Amazon plume system
based on data collected during the same cruise, identifying
three distinct communities, two of which are driven by N,
fixation, either by “diatom-diazotroph” associations (DDAs),
or by colonial cyanobacteria belonging to the genus Tricho-
desmium and unicellular Synechococcus spp. The third major
phytoplankton community of Goes et al. (2014) is domi-
nated by diatoms that lack diazotrophic symbionts. We test
the hypothesis that the NGE of epipelagic mesozooplankton
is highest at sites where N, is the principal new nitrogen
source supporting primary production. We first identify and
quantify the new nitrogen sources for the upper water col-
umn, then estimate and compare mesozooplankton NGE at
three sites representative of the three distinct phytoplankton
assemblages.

Materials and methods

Samples were collected during the R/V Knorr cruise KN197
(22 May 2010-22 June 2010) to the western tropical North
Atlantic and outer Amazon River plume (Fig. 1; http://www.
rvdata.us/catalog/KN197-08). A Seabird SBE-911 plus CTD-
rosette system was used to measure hydrographic properties
and collect water samples through the upper water column.
Samples for inorganic nutrients (Si0,, NO3 + NO,, and PO,)
were collected unfiltered from the rosette and analyzed at


http://www.rvdata.us/catalog/KN197-08
http://www.rvdata.us/catalog/KN197-08
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Trichodesmium spp. and
Synechococcus spp. in oceanic waters

Trichodesmium spp. and Synechococcu
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in estuarine waters

Diatom, Dinoflagellate, Cryophycea,
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Fig. 1. Station map along the Amazon River Plume salinity gradient sampled in May 2010-June 2010. Stations selected are focused on those for
which the dominant phytoplankton communities according to Goes et al. (2014) were identified as given in the color code. Station 6 and stations
close to the shelf for which additional nutrient data was available (12 and 13) are also shown. Zooplankton isotopes were sampled during multiple

tows at 10 stations (underlined).

sea using a Lachat QuikChem 8000 flow-injection analyzer,
with an analytical precision for nitrate plus nitrite of £0.2
pumol L', NH; concentration was measured at sea fluoro-
metrically according to Taylor et al. (2007), with a precision
of +0.02 umol L~'. Suspended particles were collected by
gentle pressure filtration of 2-17 L of seawater through pre-
combusted (450°C for 2 h) 47-mm GF/F filters that were
dried at 60°C and stored over desiccant for analysis ashore.
For isotopic analysis, filters containing particle samples were
trimmed, and cut into quadrants or halves that were pellet-
ized in tin capsules. Filters with uneven distribution of mate-
rial were first ground to homogenize the sample, weighed,
and subsampled for analysis.

Zooplankton were collected in oblique tows using a 1-m?
Multiple Opening-Closing Net and Environmental Sensing
System (MOCNESS; 202- um mesh size) through the upper
water column during the day and at night. Typically, the
MOCNESS sampling depth intervals in the upper 100 m were:
0-25 m, 25-50 m, 50-100 m or 0-25 m, 25-50 m, 50-75 m,
and 75-100 m. Zooplankton samples from each net were split
with either a quarter or half of the sample preserved immedi-
ately in 4% buffered formaldehyde for taxonomic analysis.
The remainder of the samples were size-fractionated using
nested sieves with mesh sizes of 5000 ym, 2000 ym, 1000 um,
500 pum, and 200 pym and then transferred onto preweighed
disks of 200 um Nitex mesh (Steinberg et al. 2012) for biomass
and gut pigment measurements, and nitrogen and carbon ele-
mental and isotopic analyses. All plankton size fractions were
visually inspected for major taxa present using a stereo micro-
scope (6-60X magnification) before being frozen (—20°C) at
sea. Ashore, these samples were subsequently thawed and
dried at 60°C for 24 h and weighed to determine biomass. The
samples were then ground to a fine powder and subsampled
for nitrogen and carbon elemental and isotopic analysis.
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All natural abundance measurements of particulate and
zooplankton nitrogen and carbon were made by continuous-
flow isotope-ratio mass spectrometry (CF-IRMS) using a
Micromass Optima interfaced to a CE NC2500 elemental
analyzer. Particulate organic carbon (PC) samples for 6'*C
analysis generally were not acidified, as calcifying organisms
were not a significant component of the phytoplankton
communities (E. J. Carpenter unpubl. data). All isotope
abundances are expressed as 6'°N values relative to atmos-
pheric N, and as 6'3C values relative to VPDB. Each analyti-
cal run included a size series of elemental (methionine) and
isotopic (peptone) standards, which provided a check on sta-
bility of the instrument and allowed us to remove the contri-
bution of any analytical blank from our isotopic
measurements (Montoya 2008). In general our analytical
blank was <0.3 umol C and<0.15 umol N. We conserva-
tively estimate that the overall analytical precisions of our
concentration and isotopic measurements are better
than = 0.15 pmol for nitrogen, £0.3 pmol for carbon, and
+0.15%, for both 6'°N and §3C.

We estimated mixed layer depths from the maximum in
the buoyancy frequency of the water column (Turner 1980).
The depth of the nitracline was taken as the shallowest
depth where nitrate plus nitrite was found, and was com-
pared to the vertical 8'"°N PN structure associated with the
nitrate uptake of phytoplankton (Montoya et al. 1992; Alta-
bet 1996) to identify changes in the nitracline depth associ-
ated with the lateral advection of shelf waters along the flow
of the river plume.

N, fixation rates were measured according to Montoya
et al. (1996) using '°N, gas from Cambridge (98% '°N,) with
triplicate incubations in 4.6 L Nalgene bottles typically using
water from six depths in the upper 100 m of the water



Loick-Wilde et al.

Table 1. Riverine and oceanic endmembers for the calculation
of the conservative mixing line of 3'>C of dissolved organic car-
bon (DOC) and §'3C particulate organic carbon (PC) along the
Amazon River plume using the model described by Cai et al.
(1988), and based on the DOC riverine endmember for §'3C
from Ellis et al. (2012), DOC concentration from Hedges et al.
(1994), DOC oceanic endmembers from Medeiros et al. (2015),
PC riverine endmembers from Cai et al. (1988), 5'3C PC oceanic
endmember from Benner et al. (1997) and Schwamborn et al.
(1999), and PC concentration and sea surface salinity (SSS) from
this study.

Oceanic SSS = 35.8-

Riverine $SS=0 36.3
DOC —29.3%, 371 pumol L™ —22.9%, 87 umol L'
PC —29.39, 73 pumol L™ >—22.9%, 2.3 umol L

column. We note that our estimates of N, fixation may be
conservative due to the time required for equilibration of
15N, gas with the incubation medium (Mohr et al. 2010;
Dabundo et al. 2014). Dabundo et al. (2014) also caution
that "N-ammonium contamination in '°N, gas from Cam-
bridge may lead to an overestimation of N, fixation rates by
0.0008 nmol L' h™!, but we had multiple experiments
where N incorporation into biomass was undetectable,
especially at ES stations indicating minimal to nonexistent
contamination by '*N-ammonium or other bioavailable N
species. Our experimental bottles were incubated under
simulated in situ conditions for 24 h, then terminated by
gentle pressure filtration (10-15 psi) onto precombusted GF/
F filters after passage through a 10 um prefilter. This filtra-
tion scheme produced large (> 10 ym) and small (< 10 pum)
size fractions to separate N, fixation by unicellular and larger
diazotrophs like DDAs or Trichodesmium (Agawin et al. 2014
and references therein). Areal N, fixation rates were calcu-
lated by trapezoidal integration from the surface to 100 m
depth or to the seafloor, whichever was shallower.

Contributions of DOM

Samples collected during our cruise for measurement of
DON concentrations were damaged during transport (P. L.
Yager pers. comm.). We, therefore, use measurements of the
concentration and 6"*C of DOC from the same cruise
(Medeiros et al. 2015) to estimate the potential contribution
of dissolved organic nitrogen to particles in our investigation
area. Specifically, we used the relationship between sea sur-
face salinity and the concentration and 6'*C of DOC to
define the conservative mixing line for 6'3C DOC after Cai
et al. (1988) using the endmember values in Table 1, then
applied a literature value for the C: N ratio of Amazon DOM
(Hedges et al. 1994) to estimate the potential nitrogen inputs
to our study area via transport of DOM.
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Quantification of diazotroph N in PN and zooplankton

We wused the “concentration weighted” and depth-
integrated 6'°N of PN (in the following termed 6'*Nycp) as a
proxy for the isotopic composition of the base of the pelagic
food web. We carried out a trapezoidal integration from the
surface to the depth of the nitracline (Montoya et al. 1992)
as follows:

SO ([PN]; X Az X 8PN

Weighted Mean 6"*Nycp = S ([PN], X Az;)
XAz,

1

where [PN]; represents the particulate nitrogen concentration
(umol LY, 8"°N; represents the isotopic composition of sus-
pended particles, and Az; is the depth interval (m) repre-
sented by sample i. The individual layers, of thickness Az,
were bounded by the midpoints between sample depths, and
the integration extended from the surface to the nutricline
depth. At stations that showed changes in water masses dur-
ing extended PN and zooplankton sampling (Stas. 2, 6, 19,
20, 23, 25, and 27, see Supporting Information Fig. S1 for
water mass analysis), we used the PN profile from the CTD
cast that was nearest in time to the MOCNESS tow for com-
parison to zooplankton.

We used zooplankton from the 0-25 m and the 25-50 m
depth strata to estimate the contribution of diazotroph N to
the planktonic food web. This approach should minimize
the potential impact of isotopically enriched particles from
below the nitracline, providing a robust estimate of the
inputs of diazotroph N in the surface mixed layer (Altabet
1989; Landrum et al. 2011).

The diazotroph N contribution was calculated for both
particles and mesozooplankton using the isotope mass bal-
ance approach of Montoya et al. (2002). The contribution of
diazotroph nitrogen to suspended particles was calculated as:

) 2

where 6'°Nyep is the weighted mean §'°Npy of PN calcu-
lated using Eq. 1, 5" Nyitrate is the isotopic endmember of
4.59, for deep-water nitrate (Knapp et al. 2008), and
0" Npiazo is the isotopic endmember of —29, for N, fixation

into particles (Montoya et al. 2002).
The contribution of diazotroph nitrogen to mesozoo-

plankton biomass was calculated as:
) 3)

where 6'°Nyz,, is the '°N value of one of the five zooplank-
ton size fractions collected from each depth interval
sampled, 6"°Npj,,, is the isotopic endmember of —29%, for
diazotrophic N, and 0'° Npeference zoo is @ reference 6N for
zooplankton collected in regions not heavily influenced by

15 15
6> Nncp —6” Nitrate

15 15
J NDiazofé NNitrate

% Diazotroph N =100 X <

s15 15
0 NZoo_é NReference Zoo

15 15
NDiazo =4 NReference Zoo

% Diazotroph N =100 X (
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consumption of diazotroph nitrogen as described by Land-
rum et al. (2011). These reference values provide an index to
the scaling of '°N with animal size, and the low reference
values we used provide a conservative estimate of the diazo-
troph contribution to biomass.

Estimation of the nitrogen specific net growth efficiency

We used an open system Rayleigh fractionation model for
the steady state case where the amount of N incorporated
through feeding is equal to the amount of N lost through
excretion as described by Montoya (2007). We are focusing
on the steady state by minimizing the impact of the natural
temporal variability in 8'°N by eliminating all stations with
evidence for recent changes in 6'°N and estimated NGE only
for stations where the observed variability of the 6'°N PN
values above the nitracline and the zooplankton ¢'°N values
from the 0-25 m and the 25-50 m depth strata was < 19,. At
steady state, we then look at the partitioning of isotopes
required to produce the enrichment in >N we observe in
the zooplankton size fractions under the assumption that
excretion is the only process that significantly affects the
AS™N that we measured:

0Nz =0 Nncp—eXInf (4)
where 6'°Ny,, is the 6'°N value of the smallest zooplankton
size fraction (200-500 um) in a specific depth stratum (50-
25 m or 25-0 m), ¢ is the isotopic enrichment factor of
—2.79%, for NHj excretion by zooplankton (Checkley and
Miller 1989), and 6'*Nycp is the weighted mean §'°N of PN
between the surface and the nitracline (Eq. 1). Equation 4
can be rearranged to yield an expression for f, the fraction of
assimilated nitrogen remaining in the animal’s body:

e

which is equivalent to the NGE of the animal. Using a value
of ¢=—2.7%, and an isotopic difference (A0"*N = 6" Nycp —
0" Nyzo0) Of 3%, for example, implies a NGE of 0.33% or
33%. Note that the substrate pool for deamination and
excretion in an actively feeding animal would be weighted
toward the food consumed. Under these conditions, an ani-
mal will release NH; with a 6'°N lower than that of the food
consumed and more than 2.7%, lower than the §'°N of the
animals tissues (Frazer et al. 1997). Therefore, this simple
approach provides an upper limit for the overall efficiency of
transfer of nitrogen through the food web to a particular size
fraction of zooplankton (Montoya 2007). For more complex
situations with time-varying diet, we refer to the Ramesh-
Singh model (Ramesh and Singh 2010).

For larger zooplankton (size fractions > 500 um), we used
the slopes of the linear regressions of "Ny, as a function
of size as an index to N transfer efficiency among the differ-

3" Nnep 6" Nzoo

&

©®)
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ent zooplankton size fractions from the upper 50 m as in
Montoya et al. (2002).

Results

Goes et al. (2014) identified three distinct phytoplankton
communities separated largely on the basis of salinity gra-
dients across the plume (Fig. 1). These three assemblages
included an Estuarine Type (ES) Community located
upstream of the plume on the shelf at salinities below 28
and comprised of a high biomass mixed population of dia-
toms, dinoflagellates, cryptophytes, and green-water Synecho-
coccus spp. A second, coastal Mesohaline (MH) Community
was located in the northwestern region of the plume off the
shelf at salinities between 28 and 35 and contained abun-
dant Diatom-Diazotroph Associations (DDAs, mostly Hemiau-
lus sp./Richelia sp.). The third, Oceanic (OC) Community was
dominated by Trichodesmium spp. and oceanic Synechococcus
spp. in the oligotrophic offshore waters outside of the plume
with salinities above 35. DDAs, Trichodesmium spp., and Syne-
chococcus spp. are all capable of N, fixation (Mitsui et al.
1986; Carpenter and Capone 2008), while the dominant
phytoplankton in the Estuarine Type Community must rely
on other N sources for growth. We additionally separated
the MH community into two subgroups, MH1 and MH2.
These two MH groups differed in multiple ways, including
their nutrient concentrations (MH1 >MH2, Table 2), DDA
cell abundance at the surface MH1 <« MH2), and the rela-
tively low abundances or absence of asymbiotic diatoms at
MH2 stations (Goes et al. 2014). Station 23 was unique in
that it was the only station with moderate DDA abundances
and high N, fixation rates despite having low salinity com-
parable to shelf waters at ES stations, and, therefore, is listed
separately in Table 2. Station 21 had a sea surface salinity
below 35 (33.6) but was dominated by Trichodesmium spp.
and oceanic Synechococcus spp. according to Goes et al.
(2014), and therefore was also listed separately in Table 2.
Station 6 was not included in the study of Goes et al. (2014)
but was characteristic of an OC station (Table 2), including
dominance by Trichodesmium spp. (R. A. Foster unpubl. data)
and, therefore, classified as an OC station. Stations 12 and
13 were not classified by Goes et al. (2014) but nutrient data
for these two shelf stations were added for a higher resolu-
tion of nutrient distribution at ES stations (Figs. 3, 4).

Nitrogen sources from the river, subsurface waters, and
N, fixation

The mixed layer and nitracline depths were shallowest at
the ES stations on the shelf and deepest at the OC stations
(Table 2; Figs. 2A,B). Surface waters (2-10 m) generally were
depleted in dissolved inorganic nitrogen (DIN: nitrate,
nitrite, ammonium), except at ES Stas. 4, 10, 12, 17 (Fig. 3A),
and MH1 Sta. 9 (Fig. 3B), where the nitracline shoaled into
surface waters (Figs. 2A, 4A). The nitracline depth was 20 m
or shallower at ES Stations, 20 m at MH1 Sta. 3 and in four
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Table 2. Summary of physical and chemical properties (mean = SD) for the phytoplankton communities identified by Goes et al.
(2014) with a subdivision of the mesohaline community into MH1 and MH2, and Stats. 21 and 23 displayed separately. See text for

further details.

Estuarine Mesohaline 1 Mesohaline 2 Oceanic Sta. 21 Sta. 23
Stations 4,10, 11,14, 16,17 3,9 2,19, 25 5,6,7,8, 20,27
mixed layer depth (m) 6+1 11.0x£0 20.0+8 37£16 17 8
depth of the nitracline (m) 10+ 10 23+4 68 = 35 88+ 14 80 (10%) 100 (24*)
sea surface salinity 20.9+2.0 31.3+0.2 33.0+1.5 35.5+0.3 33.6 26.2
surface silicate (umol L71) 42.3£8.5 19.3 3.2 4.1 1.7 1.3£0.8 5.75 26.3
surface phosphate (umol L71) 0.39 +£0.08 0.24 £0.06 0.05+0.05 0.08 +£0.09 0.12 0.37
surface nitrate+nitrite (umol L71) 0.16 +0.26" 0.00 £0.00 0.00 =0.00 0.00 £0.00 0.00 0.00 £0.00
NHI]OOm (umol L’1) 0.06 = 0.09" 0.31 £0.41 0.23+0.14 0.04 £0.06 0.01 0.46
areal N, fixation (umol m=2d~") 21 +177 70 + 50 181 +122 98 + 49 73 186 + 57
3" Nnep %) 3.6+1.0 2.6 0.8 -1.7*+1.7 -1.6*+1.7 2.8 +0.8* 2.8 £0.6*

*corrected nitracline depths for Sta. 21 and Sta. 23 as identified from the 6'>N PN depth profiles, see text for more details.

"no data for Sta. 16.

out of five profiles at Sta. 9, and 50 m or greater at most
MH2 and OC stations, except for MH2 Sta. 25, where at
times nitracline depth was 30 m (Fig. 4).

At most stations, the nitracline was accompanied by a
shift in 6'>N PN values (Figs. 4, 8) consistent with isotopic
fractionation during uptake of nitrate by phytoplankton (see
below). Noteworthy features at Stas. 21 and 23 were deep
nitraclines (at 80 m and 100 m, respectively) with §'°N PN
profiles that suggest previous nitrate injections at 10 m and
22-25 m, respectively (Supporting Information Table 1).
These features occurred at depths comparable to the shallow
nitraclines observed at ES and MH1 stations.

In contrast to DIN, surface phosphate and silicate concen-
trations show a clear impact of low salinity waters from the
river plume, indicating that phosphate was entering surface
waters from both riverine and subsurface sources (Fig. 3B),
while silicate was supplied primarily by riverine waters (Fig.
3C).

Enhanced N, fixation rates (> 0.1 nmol L™! h™!) were
found in all phytoplankton communities but mainly in the
upper 50 m of the water column at MH1, MH2, and OC sta-
tions, with a maximum rate of 0.55 nmol L™ ! h™! at MH2
Sta. 25 (Fig. 5). We did not find any trends in the size distri-
bution (< 10 um and > 10 um) of active diazotrophs in any
community although it is interesting to note that we found
enhanced N, fixation rates in the >10 um size fraction at
two ES stations (Stas. 4 and 16, Table 3). Total areal N, fixa-
tion rates were highest at MH2 stations (181 *122 umol
m 2 d° 1), followed by OC stations including Sta. 21 and
MH]1 stations including Sta. 23 (110 + 53 ymol m 2 d~! and
99 + 71 ymol m~2 d~!, respectively). The lowest mean areal
rates (21 £17 pmol m~2 d7!) were found at ES stations
(Table 3).

Ammonium concentrations were low at most ES and OC
stations but were clearly enhanced at MH1 and MH2 stations
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(Fig. 6). The vertical position of the maximum ammonium
concentration coincided with the position of the nitracline
at Stas. 2, 19, and 25 although elevated concentrations
occurred both above and below the nitracline at these sta-
tions. A noticeable exception was Sta. 23, where high ammo-
nium concentrations (0.3-1.2 ymol L™ ') occurred above the
nitracline depths.

Distributions of 8'*C DOC and §'3C PC

The §"*C of DOC closely followed the conservative mix-
ing line between riverine and oceanic DOC, while the §"*C
of PC was higher than the values for riverine influenced
DOC with two outliers at Stas. 5 and 21 (Fig. 7). Dissolved
organic carbon concentrations were highest in low salinity
estuarine waters and decreased toward oceanic waters (Sup-
porting Information Fig. S2A). In contrast, particulate
organic carbon (PC) and nitrogen (PN) concentrations
showed no correlation with salinity (Supporting Information
Fig. S2B,S2C) and were mainly low with average PN concen-
trations of 0.8 +0.6 ymol L' (n=79, Supporting Informa-
tion Fig. S2C).

ES station properties (Stas. 4, 10, 11, 14, 16, 17)

Estuarine stations were characterized by low sea surface
salinity (SSS; 17.0-26.2) and high abundances of non-
diazotrophic phytoplankton (Goes et al. 2014). The biomass
and depth-weighted mean 6'°Nycp was highest at ES sta-
tions with an average of 3.6+ 1.0%, (Table 2). The 6'°N of
PN varied between 3%, and 59, in the upper 10 m and pat-
terns varied with depth. For example, the 6'°N of PN rapidly
decreased with depth to —69%, at Sta. 4, but was compara-
tively invariant with depth at Stas. 10, 11, 14, and 17
(mean = SD =4.5 £0.99%,).

The 6"°N of zooplankton in the upper 50 m at Sta. 4 var-
ied around a mean of 4.5 = 0.8%, in the two smaller size frac-
tions, and was higher in the three larger size fractions with a
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Fig. 2. (A) Mixed layer depth (m), and (B) depths of the nitracline (m). At representative stations, the phytoplankton community as identified by

Goes et al. (2014) is superimposed according to the color code in Fig. 1.

mean value of 5.9 +0.59%, (Figs. 9A1,A2). Within a depth
interval, the §'°N of zooplankton either increased signifi-
cantly or insignificantly with animal size (see Supporting
Information Table 2 for individual p and * values), with an
isotopic spread of 4.19, to 6.5%, across size fractions (Fig.
9A1), though the largest size fraction (> 5000 um) some-
times had particularly low §'°N values (Fig. 9A2, Supporting
Information Table 2). For example, one very low 4'°N value
(1%,) was found in the largest size fraction (> 5000 um) in
the upper 25 m of the water column (Fig. 9A2).

MH station properties (MH1 Stas. 3, 9, 23; MH2 Stas. 2,
19, 25)

The Mesohaline stations were characterized by high abun-
dances of DDAs capable of N, fixation and intermediate SSS
(31.1-34.8), except for Sta. 23, where enhanced DDA as well
as Synechococcus spp. abundances were found despite a low
salinity of 26.2 (Goes et al. 2014). The depth weighted
0" Nnep values at MH stations showed two patterns, with
MH1 stations and Sta. 23 being similar to the ES stations
with an average of 2.6 +0.8%, and 2.8 =0.69,, respectively,
while the average value for MH2 stations was the lowest
among all communities at —1.7 + 1.7%, (Table 2). The §'°N
of surface PN was highly variable and ranged from —5.09, to
3.7%, (Fig. 8B1-B3). The §'°N of PN above the nitracline was
also highly variable. For example, 6'°N of PN at Sta. 2
decreased markedly from —2.79/, in surface waters to —11.0%,
at 60 m depth. In contrast, the profiles at Sta. 19 were compa-
ratively invariant around a value of —0.5 = 0.3%,. At Stas. 9
and 23, either a clear minimum (Sta. 23) or a clear maximum
(Sta. 9) was found at 30 m to 40 m depth. At Sta. 9, the maxi-
mum coincided with the nitracline at 30 m depth, but at Sta.
23, the minimum occurred at 40 m, well above the depth of
the nitracline at 100 m (Supporting Information Table 2).
Two CTD casts taken 4 h apart at Sta. 3 showed a similar con-
trast between a local maximum and minimum at the nitra-
cline depth of 20 m (Fig. 8B1). Similarly, 6"°N PN changed at
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the nitracline depth of 30 m from —0.39, to 8.79%, within 2 h
of sampling at Sta. 25 (Fig. 8B3).

Zooplankton in the two smallest size fractions at MH sta-
tions also fell into two groups, with a mean 6'°N of 1.5 + 0.6%,
at MH2 Stas. 2 and 19 and a higher mean §"°N of 4.9 + 1.0%,
at MH1 Stas. 3 and 23 (excluding one very high outlier at 25—
50 m depth). The §'°N values of the larger zooplankton size
fractions (> 1000 um) were more similar at the MH1 and MH2
stations. Like the 6"°N of PN (Fig. 8), the 6'°N of zooplankton
at MH1 Stas. 3 and 23 was more variable than at MH2 Stas. 2
and 19 (mean values of 5.0+ 1.79%, and 2.3 =0.99, respec-
tively), with very high (7.3%, to 10.49,,) or very low (—2.8%,)
outliers, especially in the larger size fractions (Fig. 9). Due to
water mass changes (Supporting Information Fig. S1), the PN
profiles closest in time to the MOCNESS tows were used for
the PN-zooplankton comparisons at Stas. 19 and 23.

Zooplankton at MH1 stations showed no significant corre-
lation in §'°N with size. At some stations, §'°N increased
slightly with animal size (Fig. 9B1), while the two MHI1 sta-
tions showed an overall negative trend in ¢'°N with animal
size due to low (3.7%,) and very low 6"°N (—2.8%,) values in
the largest size fraction (Fig. 9B2, Supporting Information
Table 2). At one of the MH2 stations, zooplankton showed a
highly significant positive relationship between §'°N and
size, while the '°N of zooplankton at the other MH2 station
did not vary significantly with size (Fig. 9C1,C2, Supporting
Information Table 2).

OC station properties (Stas. 5, 6, 7, 8, 20, 21, 27)

The Oceanic stations were mainly characterized by high
sea surface salinity (SSS, >35), except for Sta. 21 with a SSS
of 33.6 (Table 2), and by high abundances of Trichodesmium
spp. and oceanic Synechococcus spp. (Goes et al. 2014). The
05N of surface particulate nitrogen at OC stations ranged
from -6.19%, to 2.19%, (Figs. 8C1-C3), with mean depth
weighted 6'°Nycp at OC stations (excluding Sta. 21) of
-1.6 £1.79,, which was close to the MH2 values (Table 2).
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The 6'°N of PN was highly variable with depth at most OC
stations, with surface values ranging from —6.49, to 2.3%,
(Figs. 8C1-9C3). In contrast, individual profiles at Stas. 7
and 27 varied little with depth (Figs. 8C1-C3). Due to water
mass changes (Supporting Information Fig. S1), the PN pro-
files closest in time to the MOCNESS tows were used for the
PN-zooplankton comparisons at Stas. 20, and 27.
Zooplankton in the two smallest size fractions at OC Stas.
20 and 27 had low 6'°N values of 0.9 + 0.3%,, while animals
from these size fractions at Stas. 5, 6, and 21 had a higher
mean of 2.6 = 0.89, (Fig. 9D1,D2). The two largest size frac-
tions of zooplankton at the OC stations showed greater vari-
ation in 0'°N with depth than the smaller size fractions,
with frequent outliers of considerably higher or lower §'°N
(Supporting Information Fig. S3L and S3K). At Sta. 20 and in
some depth intervals from Stas. 5 and 27, we found a signifi-
cantly positive relationship between zooplankton 6'°N and
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Fig. 4. Vertical profiles of the nitrate (NO3) plus nitrite (NO;) concen-
trations from multiple casts from stations classified into phytoplankton
communities along the plume salinity gradient (see Fig. 1). ES, estua-
rine; MH1 and MH2, subdivisions of the mesohaline community; OC,
oceanic. Stations with replicate profiles are indicated.

animal size (Fig. 9D1, Supporting Information Table 2),
while most of the time there was no correlation between
0'*N and animal size due to low and very low §'°N values in
the largest zooplankton size fraction (Fig. 9D2, Supporting
Information Table 2).
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phytoplankton communities along the plume salinity gradient (see Fig. 1). ES, estuarine; MH1 and MH2, subdivisions of the mesohaline community;

OC, oceanic. Note the axis break in panel 5C.

Diazotroph nitrogen in PN and zooplankton

The amount of diazotroph nitrogen in PN and zooplank-
ton was estimated with an isotopic mixing model. The PN
estimate focused on the mixed layer, which was defined
using the nitracline depth at all stations except for Stas. 21
and 23, where we used a shallower depth of integration
(10 m and 22-25 m, respectively) based on the structure of
the & ">N-PN profiles (Supporting Information Table 1).

The contribution of diazotroph nitrogen relative to sub-
thermocline nitrate to PN in the upper water column above
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the nitracline was lowest at ES stations (mean-
+=SD =13 = 15%), intermediate at MH 1 stations including
Sta. 23 (mean = SD = 28 = 11%), and highest at MH2 (mean-
=86*12%) and OC stations including Sta. 21 (mean-
+SD =79+ 24%, Table 4). This trend was also apparent in
the zooplankton (Table 4). At MH2 and OC stations, the
diazotroph contribution to zooplankton N tended to
decrease with animal size, while at ES and MH1 stations
only the larger size fractions (> 1000 pym) showed measura-
ble contributions of diazotroph N (Table 4).
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Table 3. Areal daily N, fixation rates (umol m~2 d') in the
size fractions <10 um, >10 um, and total at the individual sta-
tions and the phytoplankton communities (mean = SD) as iden-
tified by Goes et al. (2014) with a subdivision of the mesohaline
community into MH1 and MH2, and Stas. 21 and 23 included
into OC and MHT, respectively.

Sta. <10 pm >10 pm Total
Estuarine 4 19 29 48
10 7 2 9
11 8 2 10
14 8 3 11
16 10 19 28
Mesohaline 1 3 12 1 13
9 53+10, 46 + 20, 99 =10,
n=2 n=2 n=2-
23 53 134 187
Mesohaline 2 2 71 50 121
19 24 71 95
25 153 £ 75, 100 £ 79, 253 =154,
n=2 n=2 n=2
Oceanic 5 28 14 42
6 24 31 55
7 42 117 159
8 47 75 121
20 35 31 67
21 14 60 73
27 67 +13, 73 =83, 141 + 70,
n=2 n=2 n=2
ES 105 1112 21+17
MH1 incl. 42+ 21 57 +57 99 = 71
Sta. 23
MH?2 100 +77 80+ 52 181 +£122
0OC incl. 40+20 59 + 46 110+ 53
Sta. 21

NGE of zooplankton

We calculated the NGE for zooplankton from Stas. 19, 20,
21, 23, and 27, where both the 6N of PN above the nitra-
cline and of zooplankton from the 0-25 m and the 25-50 m
depth strata showed <19, variation. This approach mini-
mized the potential impact of transient and spatial variation
on the isotopic difference between consumer and diet pairs.
As we did for the diazotroph N calculations, we used the
nitracline depth (Fig. 4) as a lower bound for NGE calcula-
tions for Stas. 19, 20, and 27, while for Stas. 21 and 23, we
used a shallower depth based on the structure of the § >N
PN profiles (Supporting Information Table 1). The resulting
isotopic difference between the biomass and depth-weighted
mean 6°N of PN (6"*Nycp) and the 6'°N of the smallest zoo-
plankton size fraction (200-500 um) was 1.6 =0.9%, (Sup-
porting Information Fig. S4). This mean isotopic difference
between PN and zooplankton implies a NGE of 59% = 10%.

Zooplankton net growth efficiency in the Amazon plume

A: ES NH," (umol L")
0 05 1 1.5 2
P I |
—>— 4
_ @ 10
E —A— 11
"?i, s 14
= —db— 17
B: MH1
1 15 2
P B
| R
g A 23
= :
a A
5 :
C: MH2
1 15 2
0 I L I L I
2
20 ;.
P —or— 19
E 40 P 251
o=
& 60 O 252
=l
80
100
D: OC
0.5 1 15 2
O 1 l 1 I 1 l 1 1
5 % 20
.20 A 6 @ 2
E 40 N— 7 —6— 27
=
& 60 8
o

100

Fig. 6. Vertical profiles of ammonium concentrations (umol L") from sta-
tions classified into the phytoplankton communities along the plume salinity
gradient (see Fig. 1). ES, estuarine; MH1 and MH2, subdivisions of the meso-
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Surprisingly, we found no spatial differences in NGE among
stations (Fig. 10).

The transfer efficiency of nitrogen was assessed qualita-
tively for larger zooplankton in the upper 50 m of the water
column for all 10 stations sampled (Fig.1). Very shallow
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(slope < 0.1) or negative slopes due to low 4'°N values in the munities, while at MH2 stations the minimum slope was 0.4
two largest size fractions (2000-5000 pm and > 5000 pm) (Fig. 9A2-D2, Supporting Information Table 2). We found
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fractions at Sta. 23, so some other factor must account for
the low 6'°N values in the larger size fractions. Despite these
qualitative differences, we found no statistically significant
differences among the slopes for zooplankton from the dif-
ferent stations (one-way ANOVA, Supporting Information
Table 3).

Discussion

The relatively few studies to date that have explored the
NGE of zooplankton indicate a clear divergence between
nearly constant NGE values measured in controlled labora-
tory experiments (summarized by Touratier et al. 1999) and
variable NGE estimates from field measurements (Le Borgne
1982 and references therein). This discrepancy contributes to
large uncertainties regarding the role of zooplankton in bio-
geochemical cycles (Anderson et al. 2013). Our stable nitro-
gen isotope approach (Montoya 2007) provides a robust,
“time integrated” estimate of the NGEs of mesozooplankton
(200-500 um) from the outer Amazon River plume and adja-

cent oceanic waters. Interestingly, our data showed no corre-
lation between mesozooplankton NGE and the contribution
of diazotroph nitrogen to particles, food quality as reflected
in PN: PC ratios, or food quantity as measured by PN and
Chl a concentrations (not shown). Our findings thus corrob-
orate earlier suggestions from laboratory experiments and
modeling exercises that mesozooplankton may adjust their
feeding behavior in response to changes in food quality and
quantity in order to maintain constant nitrogen specific net
growth efficiencies and elemental (C: N) ratios in their
tissues.

Nutrient sources from the river, subsurface waters, and N,
fixation

The discharge of the Amazon River forms a spatially het-
erogeneous surface plume extending more than 3000 km
across the western tropical North Atlantic in summer and
fall (Lentz 1995; Coles et al. 2013). During the period of
highest discharge in April-May, the plume extends north-
ward along the South American coast (Demaster and Pope
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Table 4. Estimated contribution of N, fixation (mean = SD) to the organic nitrogen in particles above the nitracline and to zoo-
plankton from the upper 50 m of the different phytoplankton communities sampled. Note that Sta. 23 was included in the MH1
group and Sta. 21 was included in the OC group (see text for details). The diazotroph contribution is calculated after Montoya et al.
(2002) and Landrum et al. (2011) using the reference 6'°N values shown in the first row of this table. Italicized entries may reflect
the impact of direct grazing on low 8'°N particles of a potentially non-diazotroph origin. See text for further details.

Z00300-500 Z00500-1000 Z001000-2000 Z002000-5000 2005000
Sta. PN (%) (%) (%) (%) (%) (%)
Reference —2/4.5 =2/3.7 —2/4.3 —2/5.1 -2/5.8 —-2/4.7
"N (%)
Estuarine 4 25+ 26, n=2 0=*x2,n=3 0*+2,n=3 0+0, n=3 0+0, n=3 14+41,n=2
10 0*x12, n=2 — — — — —
11 6, n=1 — — — — —
14 21+1, n=2 — — — — —
16 21 +4,n=2 — — — — —
17 0, n=1 — — — — —
Mesohaline 1 3 43+15, n=2 0=x0, n=4 0=*0, n=4 0=10, n=4 0+0, n=4 18+ 56, n=4
9 22+6, n=3 — — — — —
23 26*+10, n=3 0=*0, n=7 0*+0, n=8 8*4,n=7 5+17,n=8 15+22, n=8
Mesohaline 2 2 138*T+5, n=2 43+8, n=3 44+ 4, n=3 38+10, n=3 35+3,n=3 16 =4, n=3
19 74+2,n=2 47 =4, n=4 36 =8, n=4 36 +7, n=4 39£3,n=4 25+5, n=4
25 86+13, n=4 — — — —
Oceanic 5 115%7+17, n=2 11+8, n=4 1+8, n=4 5+5, n=4 18+ 3, n=4 0+2, n=4
6 111*Ti59, n=2 30+9, n=4 23+13, n=4 18 +8, n=4 22 , 4 7+13, n=4
7 103*" +9, n=2 — — — — —
8 108*" +37, n=2 — — — — —2
20 84 +13, n=2 53+2,n=2 39+2,n=2 26 £5, n=2 35+1, n=2 13+0, n=2
21 26 +12, n=2 1+2,n=2 0*+0, n=2 1+4, n=2 11£3, n=2 4+4, n=2
27 7620, n=5 48 +4, n=4 30+ 8, n=4 35+4, n=4 23+12, n=4 21+ 23, n=4
ES 13+15 0+2 0+2 0+0 0x0 14+41
MH1 incl. 28=*11 0+0 0+0 3+8 0+21 16 =37
Sta. 23
MH?2 86 +12F 45+7 39+8 37+8 37+4 21+6
OC incl. 79 = 24" 29 +20 18+18 18+14 21+9 9+18
Sta. 21

*Values of >100% diazotroph N may be artifacts due to a temporal uncoupling between NH} incorporation into PN but not into zooplankton
J’Assuming 100% diazotroph N for MH2 Sta. 2, and OC Stas. 5, 6, 7, and 8 for average PN calculations.

1996). Besides the river plume, the onshore advection of
nutrient rich North Brazilian Current water (Demaster and
Pope 1996), and anticyclonic (warm core) and cyclonic (cold
core) North Brazilian Current rings (Fratantoni and Richard-
son 2006) may have a marked impact on the hydrology and
biological activity of the shelf and in offshore waters
between the equator and 10°N.

Previous studies of the nutrient systematics in the Amazon
River and its plume have shown nitrogen to be the most limit-
ing nutrient for algal growth in both shelf (Demaster and
Pope 1996) and offshore waters (Cooley and Yager 2006;
Cooley et al. 2007). The Amazon River carries high concentra-
tions of silicate (14-150 umol L™ ') and phosphate (0.6-0.8
pmol L™!) but nitrate concentrations of 12-23 ymol L™! are
low compared to other large rivers like the Pearl (Cai et al.
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2004) or Mississippi Rivers (Dagg et al. 2004), where nitrate
concentrations are typically higher than 75 ymol L™!. Within
the plume, this nutrient composition leads to strong N limita-
tion of algal growth at the outer Amazon shelf (4-5°N) where
silicate and phosphate concentrations remain high (Demaster
and Pope 1996). Algal blooms are nevertheless present on the
outer Amazon shelf during all seasons (summarized by Demas-
ter and Pope 1996). The depletion of dissolved inorganic nitro-
gen we observed in the river plume (Fig. 3A) and the shoaling
of the nitracline into surface waters at the ES stations (Fig. 4A)
are both consistent with an important role for advective
inputs of nitrate-rich subplume waters in supporting primary
production on the shelf. The elevated ammonium concentra-
tions we found throughout the water column at MH1 and
MH2 stations also suggest that regenerated nutrients make an
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Fig. 10. Nitrogen based NGE (%) of the smallest zooplankton size frac-
tion 200-500 um in the upper 50 m of the water column. A single out-
lier of very high 6'°N zooplankton (8.4%,) has been excluded from the
Sta. 23 data for this analysis.

important contribution to algal production, as suggested by
Demaster and Pope (1996).

Beyond the shelf, the phosphate and silicate loads from
the Amazon River plume support high biological production
and carbon sequestration (Cooley and Yager 2006; Cooley
et al. 2007). In offshore waters, N, fixation by diatom diazo-
troph associations (DDAs) can offset nitrogen limitation,
promoting enhanced primary production and carbon draw-
down (Subramaniam et al. 2008). The coincidence of high
abundances of DDAs (Carpenter et al. 1999; Foster et al.
2007), high N, fixation rates (Subramaniam et al. 2008),
enhanced DIC drawdown (Kortzinger 2003; Cooley et al.
2007), and low 6N values in sediment trap material col-
lected at a depth of 200 m at a DDA plume station (Subra-
maniam et al. 2008) all provide evidence for the critical role
of DDAs in the outer Amazon plume region beyond the
shelf. Direct measurements of high N, fixation rates at the
MH2 and OC stations, in combination with their deep
nitraclines >80 m depth (Fig. 4C,D) and the dominance of
either DDAs (MH2) or Synechococcus spp. and Trichodesmium
spp.- (Goes et al. 2014) provide additional support for an
important role of diazotroph nitrogen in the planktonic
food web of the outer Amazon River plume and adjacent
oceanic waters.

In the central tropical North Atlantic, inputs of DON,
nitrate, or ammonium from atmospheric deposition may be
similar in magnitude to inputs of N from N, fixation (Baker
et al. 2007; Singh et al. 2013). We did not quantify atmos-
pheric inputs of nitrogen but the high deposition rates of
the manganese and iron (Chen and Siefert 2004; Tovar-
Sanchez et al. 2006) in this region suggests that atmospheric
deposition of nitrogenous nutrients deserves further investi-
gation. Nonetheless, no wet deposition event occurred dur-
ing cruise KN 197 and atmospheric dry deposition should
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Fig. 11. Nitrogen concentration (umol L™") vs. C: N (atom) ratios in
particles above the nitracline as measure of food quantity and quality
differences among stations with different nitrogen based net growth effi-
ciencies according to Fig. 10.

have a broad regional impact that is unlikely to generate the
finer-scale contrasts we found among the different phyto-
plankton communities in our study area.

Although loss of samples precluded direct measurement
of the contribution of DON from the Amazon River to the
nitrogen budget of the Plume, we used measurements of the
concentration and §"*C of DOC to constrain the potential
contribution of riverine dissolved organic matter to the phy-
toplankton communities in our study area. The surface DOC
concentration and §"*C DOC values from Medeiros et al.
(2015) show conservative behavior with respect to salinity
(Figs. 7, 8), and a dissolved organic matter C: N ratio of 34
(Hedges et al. 1994) suggests that up to 4.6 umol L' of
nitrogen may have entered our study area as DON. Since
DON varies in lability with reactive components like urea,
dissolved free amino acids, and methylamines contributing
only around 12% to the total DON pool (Bronk 2002), this
provides an upper limit to the contribution of DON to the
nutrient budget, with a small input of labile DON (0.55
umol L) relative to the inputs of nitrate via the river plume
(12-23 pmol LY. DON is at most, a minor source of N sup-
porting phytoplankton production in this system.

In summary, our nutrient and isotopic data as well as
prior studies all imply that subthermocline nitrate and N,
fixation are the primary sources of new nitrogen supporting
production in our study region. We found no evidence that
the Amazon is an important source of bioavailable nitrogen
in the outer plume and adjacent oceanic waters.

Spatial and short term variation in the 3'5N of PN

We used variations in the 5'°N of PN with depth to delin-
eate the contributions of different nitrogen sources to sus-
pended particles and zooplankton in the water column.
Temporal changes in 6'°N profiles from a single station
helped us identify transient events that may affect our iso-
tope budget calculations and obscure trophic relationships
between PN and zooplankton.
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N, fixation typically generates PN with a 6'°N of —2%,
but low 6'°N values can also arise through other processes.
For example, phytoplankton uptake of subthermocline
nitrate (6'°N = 4.5%,) may also produce low §'°N PN values
due to the isotopic fractionation associated with nitrate
uptake (e=5-109%, Montoya and McCarthy 1995; Waser
et al. 1998). Nitrate uptake in the nitracline may, therefore,
account for the minimum in '°N we commonly found asso-
ciated with a maximum of PN or Chl. a near the base of the
mixed layer (e.g., Stas. 3 and 23). Other stations (e.g., Stas. 9
and 25) showed a clear subsurface maximum in the §'°N of
PN. In a steady-state system, the upward injection of sub-
thermocline nitrate supports phytoplankton uptake that pro-
gressively increases the 6'°N of the residual nitrate toward
the top of the nitracline (Altabet 1996; Needoba et al. 2003),
resulting in a strong gradient in 6'°N with depth. In effect,
low subsurface values in the "N of PN (e.g., at 40 m depth
at Sta. 23) result from the early stages of consumption and
fractionation of upwelling nitrate, producing strong *N
depletion, while shallower §'°N values approaching 87, (Sta.
9) and 109, (Sta. 25) reflect the integrated effect of consump-
tion and "N enrichment of the residual upwelling nitrate
(Montoya 2007).

Below the mixed layer, 5"*N PN tends to increase in con-
cert with a decrease in PN concentration due to isotopic frac-
tionation during remineralization (summarized in Montoya
et al. 2002). This general pattern occurred at stations of all
community types, including Estuarine Sta. 16, Mesohaline
Stas. 3 and 23 (the anomalous DDA station), and Oceanic
Sta. 21 (Fig. 8). The rates and mechanisms of particle export
from the upper water column may differ among the three
phytoplankton communities, with different impacts on the
vertical distribution of §'°N PN. Rapid sinking of particles
should occur at sites dominated by diatoms due to ballasting
by their high-density frustules, producing uniform §'°N pro-
files (Fig. 8) such as we found at our Estuarine (Stas. 10, 11,
14, and 17) and Mesohaline stations (Sta. 19). In contrast,
small cyanobacterial cells and cyanobacteria with gas vesicles
will have a much slower sinking speed unless they form
aggregates (Ploug 2008), allowing development of vertical
structure in 0N that reflects local processes within the
water column, as we observed at our other stations. These
differences in sinking speed may also generate community
specific patterns in ammonium distribution. We found the
highest ammonium concentrations at MH1 and MH2 sta-
tions, where particles should have intermediate sinking
speeds and vertical fluxes because the phytoplankton com-
munity was not dominated by large diatoms as at the ES sta-
tions, or very small cells or colonial cyanobacteria with gas
vesicles as at the OC stations. Such intermediate sinking
speeds provide opportunity for remineralisation of sinking
particles leading to elevated ammonium concentrations in
the water column.
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Phytoplankton uptake of remineralized ammonium may
also contribute to isotopic variation in the water column,
though the fractionation factor for this process shows wide
variation (e =0-149%, Waser et al. 1999) depending on the
nutrient status (N-stressed vs. N-replete) of the phytoplank-
ton. Assimilation of regenerated ammonium can thus lead
to 6'°N of PN values that are substantially lower than the
0N of the organic source materials (Montoya and McCar-
thy 1995; Waser et al. 1998), producing low §'°N of PN val-
ues. Interestingly, we repeatedly measured 0'°N PN values as
low as —119%, (Fig. 8), and some of these low 6'°N values
coincided with elevated ammonium concentrations in the
water column (Stas. 2, 6, 19 and 25). Although atmospheric
ammonium and nitrate are often depleted in '°N (as low as
—129,, Baker et al. 2007) and could potentially contribute to
our low water column §'°N values, atmospheric dry deposi-
tion should have a broad regional impact and is unlikely to
affect only MH1 and MH2 stations. Instead, the spatial distri-
bution of our low §'°N values and the presence of elevated
ammonium concentrations below the river plume, are both
consistent with local production of ammonium through
remineralization and excretion driven by enhanced biologi-
cal production in the plume. Elevated ammonium concen-
trations below the plume in offshore waters (Fig. 6B,C) also
suggest that shoreward advection may play a key role in sup-
plying ammonium to mesohaline communities on the shelf.

Repeated sampling at several stations revealed dynamic
changes in the §'°N of PN profiles on a time scale of hours
to days (Fig. 8). In a heterogeneous system like the Amazon
River plume, advection and tidal forcing can change the sur-
face water masses present at a station within hours. In addi-
tion, cold- and warm-core eddies of the North Brazilian
Current are common in this area (Fratantoni and Richardson
2006), and may contribute to the clear differences we found
in the vertical structure of the §'°N of PN among profiles
taken at a single station, as well as driving shifts in nitracline
depth as we found at Sta. 25. A temperature-salinity analysis
using the approach of Bourlés et al. (1999a,b) and Kirchner
et al. (2009) showed that such water mass changes can
account for the dynamic changes in the 6'°N of PN we
observed at multiple stations (Stas, 2, 6, 19, 20, 23, 25, and
27; Supporting Information Fig. S1).

In summary, the isotopic fractionation associated with
assimilation of N,, subthermocline nitrate, and regenerated
ammonium, the characteristic sinking velocities of different
phytoplankton groups, and changes in water mass all make
important contributions to the vertical structure of the 6'°N
of PN in the upper 100 m of the water column. Interestingly,
the high 6'°N values typically associated with isotopic frac-
tionation within the nitracline sometimes occurred well
above the actual depth of the nitracline, (e.g., Stas. 21 and
23) suggesting that the 6'°N of PN can preserve a nitracline
imprint generated during transit over the shelf, where nitra-
cline depths are typically much shallower than in offshore
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waters. Upward mixing of subthermocline nitrate was very
important at our ES and MH1 type stations, as well as at OC
Stas. 21 and 23. In contrast, MH2 and other OC stations
were strongly impacted by the supply of diazotroph N and
the remineralisation of regenerated ammonium.

Spatial and short term variation in zooplankton §'°N

The isotopic composition of PN will propagate into the
zooplankton community through trophic interactions.
Because zooplankton nitrogen is inherently less dynamic
than phytoplankton/microbial nitrogen, zooplankton act as
a low-pass filter and have an isotopic composition that inte-
grates over the various sources of organic nitrogen support-
ing the heterotrophic components of the food web. Rapid
(hours to days) changes in the 6'°N of particles at the base
of the food web will propagate first into small, short-lived
herbivores, then larger herbivores, while animals feeding at
higher trophic positions as well as animals with a relatively
long turnover time for body nitrogen should show little or
no response to transient changes in the '°N of phytoplank-
ton (Montoya 2007). These different time scales of N turn-
over and the ability of zooplankton to migrate vertically and
to graze over a range of depths contribute to the relative
invariance of the 6'°N of zooplankton compared to the §'°N
of PN at our stations (Fig. 9 and Supporting Information
Fig. S3).

In contrast to previous observations from the Tropical
North Atlantic, the Gulf of Mexico, and the Pacific (summar-
ized by Montoya 2007), the §'°N of zooplankton (like the
0'°N of PN) did not consistently show an inverse correlation
with diazotroph abundance or high N, fixation rates. While
the 6'°N of zooplankton was low at most Trichodesmium
spp.-dominated oceanic stations (with the exception of Sta.
21), this was not true at all of the DDA-dominated MH sta-
tions where we sampled zooplankton (Fig. 9C1,C2). Despite
high N, fixation rates at Stas. 2, 19, and 23 (Table 3), only
Stas. 2 and 19 show low § '*N values in all zooplankton size
fractions (Fig. 9). As noted above, nutrient concentrations
differed between MH1 and MH2 stations, with high surface
concentrations of Si and PO} at MH1 Stas. 3 and 23, while
MH2 Stas. 2 and 19 had much lower concentrations of sili-
cate and very low concentrations of phosphate at the sur-
face. This pattern suggests that waters at Stas. 3 and 23 were
advected offshore more recently, carrying diatoms and per-
haps zooplankton with a relatively high 6'°N arising from
production on the shelf supported by lateral (shoreward)
inputs of subthermocline nitrate (see above). With time, we
anticipate that waters from these two stations would come
to resemble Stas. 2 and 19, where diazotrophy made a clear
contribution to biomass, producing low 4N values
throughout the planktonic food web.

Although zooplankton 0'°N is clearly linked to the §'°N
of suspended particles, three of our stations (Stas. 2, 5, and
6) showed low 6'°N values in PN but not zooplankton in the
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upper 100 m of the water column. This pattern suggests that
the low 0'°N PN values at these stations resulted from tran-
sient events that had occurred so recently that the isotopic
signature had not yet propagated into mesozooplankton.
Similar offsets between the d'°N of PN and zooplankton
have been found in other dynamic systems like the Chesa-
peake Bay after a storm event (Montoya et al. 1991) and at
an equatorial site in the tropical North Atlantic after an
apparent upwelling event (Montoya et al. 2002).

In summary, the longer N turnover times and depth-
integrated feeding behavior of zooplankton both contribute
to the relatively invariant "N of these animals compared to
water column PN. Outliers in the zooplankton §'°N profiles
may reflect differential propagation of '’N-perturbations at
the base of the planktonic food web into different portions
of the mesozooplankton community, though changes in
zooplankton community composition may also contribute
to the isotopic variation we observed.

Diazotroph N in particles and zooplankton

We used the distribution of stable nitrogen isotopes to
assess the contribution of diazotroph N to suspended par-
ticles and zooplankton. A simple mass balance approach
(e.g., Montoya et al. 2002) can unambiguously resolve only
two isotopically distinct sources of N, but there are at least
five sources of N that can potentially support production in
the Amazon Plume: N, fixation (diazotrophy), upwelling of
subthermocline nitrate, local remineralization of ammo-
nium, inputs from the river, and atmospheric deposition. As
noted above, atmospheric wet deposition did not take place
during our cruise and atmospheric dry deposition should be
relatively uniform over our study area, and would not
account for the contrasts we found among stations. Our
nutrient measurements, the distribution of DOC, as well as
the analysis of Goes et al. (2014) all suggest that the river is
a negligible source of N for biological production at outer
plume stations north of 4°N (Fig. 3A). Diazotrophs are
unevenly distributed in the Amazon plume system, and
physical conditions (e.g., the depth of the nitracline) place a
strong constraint on upwelling of subthermocline nitrate. As
a result, N, fixation and upwelling of nitrate tend to domi-
nate in different portions of our study area, while the poten-
tial for uptake of remineralized ammonium is greatest in
areas with high surface productivity and in portions of the
water column receiving substantial inputs of sinking organic
matter. Because these sources are associated with distinct iso-
topic signatures and/or generate characteristic vertical pat-
terns, we can use the '°N of different planktonic pools of N
and a simple mass balance approach (Montoya et al. 2002)
to estimate the contribution of different N sources to biolog-
ical production above the nitracline. In doing so, we first
assessed the relative contributions of N, fixation and upwell-
ing of nitrate to the N budget, then evaluated the potential
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for local inputs of remineralized ammonium to generate
unusually low 6'°N values.

Our stations reflect a broad range of diazotrophic inputs
to the N budget. For example, suspended particles at our
MH2 and OC stations have generally low §'°N values, which
are consistent with the higher N, fixation rates we measured
at these stations (Figs. 3-5). Particles at our ES stations have
generally high §'°N values, in keeping with the lowest rates
of N, fixation we measured on this cruise. With the excep-
tion of Sta. 23, our MH1 stations fall between these two
extremes, both in §'°N and in rates of N, fixation. This over-
all pattern has been documented previously among oligotro-
phic (up to 100% diazotroph N in suspended particles) and
more eutrophic (0-10% diazotroph N in suspended particles)
areas in the Tropical North Atlantic (Montoya et al. 2002;
Wannicke et al. 2010; Landrum et al. 2011) and the South
China Sea (Loick et al. 2007).

In contrast to the relatively consistent isotopic system-
atics of our OC and ES stations, particles at stations with
high abundances of DDAs and Synechococcus spp. showed
wide variation in 6*°N, including high §'°N values above the
nitracline (MH1 stations, Table 2). This pattern implies a sig-
nificant input of sub-thermocline nitrate at stations where
the Hemiaulus/Richelia association was present but not domi-
nant (Goes et al. 2014) and where moderate to high N, fixa-
tion rates occurred (MH 1 stations, Table 3). The sub-
thermocline nitrate contribution was much lower at stations
dominated by DDAs (MH2 stations, Table 4), which is con-
sistent with previous observations of a very strong reliance
on N, fixation during a DDA bloom (Carpenter et al. 1999)

The low diazotroph contribution to PN above the nitra-
cline at MH1 stations reflected the high abundance of asym-
biotic diatoms at these stations (Goes et al. 2014). The only
MHI1 station with high rates of N, fixation was Sta. 23 (134
pmol N m~2? d ! in the >10 um size fraction), which had a
deep nitracline (100 m, Fig. 4), making significant inputs of
sub-thermocline nitrate into surface waters unlikely. The sea
surface salinity, silicate, and phosphate distributions at the
MH1 stations were all similar to those of the ES stations
(Table 2), which suggests an advective input of surface shelf
water containing particles with a high §'°N signature derived
from nitrate uptake on the shelf. The enhanced Hemiaulus/
Richelia abundance (1927 cells L™!, Yeung et al. 2012) and
high N, fixation rates in the >10 um size fraction at Sta. 23
indicate that DDAs were able to grow and fix N, in the pres-
ence of nitrate, which is similar to the growth of DDAs in
the Mekong plume (Grosse et al. 2010). We also found
appreciable N, fixation rates in the >10 um size fraction at
ES stations (Table 3) with elevated Hemiaulus/Richelia abun-
dance (up to 744 cells L™'; R. A. Foster pers. comm.) and
ambient DIN concentrations as high as 1-1.2 ymol L™! (Stas.
4 and 16). These rates are similar to those found in the
South China Sea off Vietnam (Voss et al. 2006). In this con-
text, the frequency and intensity of nitrate injection into the
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mixed layer as well as the offshore advection from the shelf
of seed populations of Hemiaulus/Richelia may all be critical
aspects of the DDA niche in the Amazon Plume.

The movement of diazotroph N into the zooplankton
community of the Amazon plume varied widely and
reflected the diazotroph N contribution to PN. Generally
small diazotroph contributions occurred at ES and MH1 sta-
tions (0-6%, excluding an outlier in zooplankton > 5000 um
from Sta. 4), intermediate contributions occurred at OC sta-
tions (9-23%), and the highest diazotroph contribution was
found at MH2 stations (21-45%, Table 4). This general pat-
tern has been documented previously among oligotrophic
(up to 65% diazotroph N in epipelagic zooplankton) and
more eutrophic (0-10% diazotroph N in epipelagic zooplank-
ton) areas in the Western and Eastern Tropical North Atlan-
tic (Montoya et al. 2002; Wannicke et al. 2010; Landrum
et al. 2011; Hauss et al. 2013).

Diazotroph nitrogen contributions were not evenly dis-
tributed among zooplankton size fractions. At all MH2 and
most oceanic stations, diazotroph N contribution was high-
est in the smallest size fractions and generally decreased
with zooplankton size (Table 4). In contrast, a number of sta-
tions (ES Sta. 4, MH1 Stas. 3 and 23, and OC Stas. 5 and 21)
showed a different pattern in which the diazotroph contribu-
tion to total nitrogen was highest in the larger size fractions
(> 1000 um, Table 4). These two patterns corroborate earlier
suggestions that diazotroph N may enter the food web either
via the microbial loop (all MH2 and most oceanic stations)
or via direct grazing (at ES Sta. 4, MH1 Stas. 3 and 23, and
OC Stas. 5, 21, 27) by small as well as by larger zooplankton
(Montoya et al. 2002; Mulholland 2007; Raes et al. 2014).

NGE of zooplankton in the different communities

We used a novel isotopic approach to constrain NGE in
three different plankton communities. In contrast to the classi-
cal K, approach, which is based on the difference in nitrogen:
phosphorus ratios of the animal, its prey, and its excretion
products (Le Borgne 1982 and references therein), our isotopic
approach does not require incubation experiments.

The range of NGE values that we estimated for small mes-
ozooplankton (43% to 76%, average 59 = 10%, n=19) falls
in the upper portion of the range of values derived from the
K, approach (18 to 71%) in the Eastern Tropical Atlantic and
elsewhere (Le Borgne 1982 and references therein). Although
we expected that direct grazing on diatoms and DDAs could
result in more efficient nitrogen utilization, as suggested by
Montoya et al. (2002) and Mulholland (2007), we found uni-
formly high NGEs for small mesozooplankton at all sites.
Interestingly, this small range for NGEs compared to the
results by Le Borgne (1982) occurred despite clear spatial dif-
ferences in both food quantity (PN concentrations) and qual-
ity (C: N atomic ratios; Fig. 11).

Some modeling studies have generated NGEs up to 100%
for animals under severe nitrogen stress (Anderson and
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Hessen 1995). In contrast, models based on laboratory meas-
urements of gross nitrogen growth efficiency of the calanoid
copepods Acartia tonsa (Kiorboe 1989) and Paracalanus parvus
(Checkley 1980) require a narrow range of nitrogen specific
growth efficiencies (43.5% to 45.1%) and a variable net car-
bon growth efficiency to maintain stoichiometric homeosta-
sis (Touratier et al. 1999; Touratier et al. 2001). Our
comparatively narrow range of NGEs are more consistent
with these model results but are on average 15% higher than
those of Kiorboe (1989) and Checkley (1980). Both second-
ary production and export flux are highly sensitive to the
value of NGE in marine ecosystem models (Anderson et al.
2013) but additional NGE measurements from different lati-
tudes are needed to resolve whether NGEs of tropical zoo-
plankton are generally higher than NGEs of mid and high
latitude zooplankton.

We found no significant differences among communities
in the scaling of zooplankton §'°N with increasing animal
size. This is surprising given that zooplankton community
structure changed between the major regions of our study
area (Steinberg unpubl. data) and implies that both trophic
structure and the overall transfer efficiency of N through the
food web were similar at all these stations. This finding also
contrasts with an earlier suggestion that DDA-based food
webs should show higher transfer efficiencies for N within
the food web (Carpenter et al. 1999; Montoya et al. 2002).

Conclusions

Diazotroph N made a clear contribution to plankton bio-
mass in our study region, which encompassed three different
habitat types in the region of the Amazon Plume. Our data
suggest that DDAs were able to flourish despite measurable
ambient nitrate concentrations in surface waters and that the
advection of seed populations from the shelf may play an
important role in the formation of offshore DDA blooms in
older plume waters. This pattern is consistent with model pre-
dictions of community succession along the Amazon River
plume, which show the highest realized growth rates for
DDAs in coastal regions, slightly lower rates in mesohaline
regions, and much lower rates in the oligotrophic Atlantic
(Stukel et al. 2014). Isotopic evidence for direct grazing on
diazotrophs at ES and MH1 stations but not at MH2 stations
is consistent with the model’s outcome that grazing was an
important control on coastal DDA populations, but that dilu-
tion of the grazer population in the mesohaline region
released the DDAs from top down control and allowed
blooms to develop in regions where mesohaline plume condi-
tions persisted for at least several weeks (Stukel et al. 2014).

We used a stable isotope approach to estimate in situ
NGEs of zooplankton communities without experimental
manipulations. The determination of the food source and
feeding history of zooplankton in the field remains challeng-
ing and our approach of excluding stations with variable
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0'°N values in PN or zooplankton limited the number of
food-consumer pairs available for estimating NGE. Neverthe-
less our results clearly confirm earlier laboratory experiments
suggesting that the NGE of mesozooplankton is relatively
invariant and independent of changes in nitrogen sources,
food quality, and food abundance.
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