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Abstract: Nutrient retention has been studied intensively in streams, but some mechanisms and processes are not
yet entirely understood, especially in open-canopy streams. We evaluated PO4

32, as soluble reactive P (SRP), and
NH4

1 uptake in 2 chronically enriched Pampean streams with different macrophytic abundance. We performed
short-term nutrient additions to quantify SRP and NH4

1 uptake metrics throughout the year, and we investigated
which hydrological and biological factors influenced nutrient uptake. The results showed that SRP and NH4

1 uptakes
were high in relation to pristine and impaired streams elsewhere, and they did not saturate despite elevated back-
ground nutrient levels. NH4

1 areal uptake rate fit in a 1st-order uptake model, but an exponential model described
the relationship between SRP areal uptake rate and SRP concentration. Consistent with this finding, SRP uptake
velocity tended to increase linearly, and SRP uptake length decreased linearly with SRP concentration. The analysis
of factors influencing uptake metrics suggested that SRP uptake mainly depended on heterotrophic demand, whereas
NH4

1 uptake was enhanced under more autotrophic conditions. Our results showed that nutrient uptake metrics of
enriched Pampean streams were similar to those observed in streams with low nutrient levels.
Key words: phosphate uptake, ammonium uptake, non-saturation, biogeochemistry, metabolism, macrophytes,
aquatic biofilms
Nutrient retention is a paramount function of streams and
rivers that has been intensively studied across different geo-
graphic regions in the last 25 y. However, some mechanisms
and processes of this functional attribute are not yet fully
understood, especially in open-canopy streams. Nutrient re-
tention in lotic ecosystems results from the interaction of
hydrological, chemical, and biological properties (Valett et al.
1996). Hydrological retention is determined by the higher
residence times of solutes in pools, backwaters, and the hy-
porheic zone compared with the main channel, which favors
the exposure of dissolved nutrients to biochemically reactive
substrata. The abiotic processes of sorption, flocculation,
and precipitation result in chemical retention by retarding
solute transport, which can be relevant for certain solutes,
such as NH4

1 and PO4
32. Biological retention is caused by
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bacteria, fungi, algae, and macrophytes that generate, im-
mobilize, transform, or remove biologically active nutrients
from water (Valett et al. 1996, Ensign and Doyle 2006).

Three interrelated parameters are useful for describing
nutrient retention: uptake length (Sw), which is the average
distance a nutrient travels downstream before being re-
moved from the water column; uptake velocity (Vf ), which
indicates the velocity at which a nutrient moves through
the water column toward the stream benthos; and uptake
rate (U ), which is the nutrient mass retained per unit time
and area of stream bottom (Stream Solute Workshop 1990).
Studies performed in streams of the Northern Hemisphere
showed that the efficiency of retention (expressed as Vf) de-
creased as nutrient concentrations increased, giving lower
efficiencies in impaired streams with higher nutrient levels
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than in pristine streams (Hoellein et al. 2007, Mulholland
et al. 2008, Marcé and Armengol 2009).

O’Brien et al. (2007) proposed 3 models to describe the
relationship between biological processing and nutrient con-
centration in streams. In the 1st-order response model, U
is directly proportional to nutrient concentration, whereas
Sw and Vf remain constant as nutrient concentration in-
creases. The 2nd model assumes Michaelis–Menten uptake
kinetics, where processing rates are saturated when the nu-
trient supply exceeds the biological demand. Hence, Sw will
increase and Vf will decrease along the nutrient gradient.
In the 3rd model, the rate of nutrient processing by the bi-
ota increases with nutrient availability, but the efficiency
of the process relative to the concentration declines. In this
efficiency-loss model, U and Sw will increase nonlinearly,
whereas the Vf will decrease nonlinearly along the nutrient
gradient.

Nutrient retention generally has been studied in pristine
streams with low nutrient levels, but some investigators fo-
cused on nutrient retention and efficiency in streams re-
ceiving point-source inputs (Martí et al. 2004, Haggard et al.
2005). Uptake experiments have been conducted mainly
in streams with short-term inputs of nutrients, but less is
known about uptake in streams with chronic nutrient load-
ing (O’Brien et al. 2007). O’Brien and Dodds (2010) com-
pared the response of NO3

2 uptake to short-term (acute)
and long-term (chronic) enrichment, defining chronic load-
ing as increases in ambient N concentration from months
to years. They observed that NO3

2U was higher in streams
with acute enrichments than in chronically enriched streams,
suggesting a lower capacity of the latter streams to retain
N. However, how the uptake process will operate in streams
that have been eutrophic for centuries or even millennia and
where biological communities have a long history of coex-
istence in an environment with high nutrient availability is
unknown.

Pampean streams in central Argentina are an example
of fluvial systems with elevated nutrient concentrations that
cannot be attributed solely to the extent of agricultural ac-
tivities in the region. The eutrophic status of Pampean wa-
terbodies seems to be a common, persistent feature from
long ago, before the introduction of cattle by the Spaniards
during the colonial period and the rise of agriculture in the
19th century (Feijoó and Lombardo 2007). Evidence of the
existence of waterbodies in advanced stages of eutrophica-
tion in the Pampean region has been found for the intervals
10,000 to 8000 y before present (ybp) and 3900 to 3000 ybp
(Prieto 1996, Zárate et al. 2000). Consequently, biological
communities living in Pampean aquatic environments have
coexisted for a very long period with high nutrient levels
and should be well-adapted to enriched conditions.

Some evidence suggests that nutrient retention could
be high in Pampean streams, despite the elevated nutrient
concentrations registered in these systems (Feijoó et al. 2011,
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Rodríguez Castro 2015). Pampean streams support high bio-
mass and a diversity of macrophytes. However, increased
macrophyte abundance is not always reflected in a higher
SRP uptake (Feijoó et al. 2011). Macrophytes can reduce
flow velocity and delay solute transport, enlarging the size of
the transient storage zone in streams (Gücker and Boëchat
2004,Wilcock et al. 2004). The presence of abundant macro-
phyte communities could enlarge the transient storage (Feijoó
et al. 2011), thereby explaining why nutrient uptake may be
higher than expected in eutrophic Pampean streams. Thus, in
Pampean streams, macrophytes would not enhance nutrient
retention mainly by direct assimilation, but by expanding the
transient storage zone of slow waters and providing a sub-
strate for attachment of microalgae and macroalgae (Feijoó
et al. 2011).

We evaluated PO4
32 (as SRP) andNH4

1 uptake in 2 Pam-
pean streams with different macrophytic abundance. We
used short-term nutrient additions to quantify SRP and
NH4

1 uptake metrics throughout the year. In addition, we
investigated which hydrological and biological variables in-
fluenced nutrient uptake in these streams. We considered
flow (Q) and the relative size of the transient storage zone
(AS/A) as the hydrological variables. The biological variables
included the biomass and metabolism of macrophytes, mac-
roalgae, epiphyton, epipelon (biofilm developing on stream-
bed fine sediment), and whole-stream metabolism. We also
analyzed the relationship between SRP andNH4

1 processing
and nutrient concentrations to assess whether the biolog-
ical uptake function was saturated in these streams.We hy-
pothesized that nutrient uptake was inversely associated
with Q and directly with AS/A, which in turn, depends on
the abundance of macrophytes. Thus, we expected that
low Q and high macrophytic biomass would increase SRP
and NH4

1 uptake. We also hypothesized that NH4
1 and SRP

uptake was drivenmainly by algal biofilm uptake, withmac-
rophytes playing a minor role. Therefore, we predicted that
increases in algal biomass and productivity would enhance
SRP and NH4

1 uptake.
METHODS
Study sites

We conducted our study in a 30-m reach of Las Flores
(LF) stream (lat 34727ʹ35ʹʹS, long 59704ʹ27ʹʹW) and a 50-m
reach of De la Cruz (DLC) stream (lat 34724ʹ51ʹʹS, long 597
18ʹ08ʹʹW). Pampean streams have laminar flow, and finding
places where good mixing can occur is difficult. This diffi-
culty, and the entrance of tributaries downstream, limited
the length of our study reaches.

Pampean streams run along plains in the center–east
of Argentina called Pampa Húmeda. This region has fertile
soils formed by loess deposition during the Quaternary and
a temperate climate, with rainfall distributed throughout
the year (600–1200 mm) and an average annual temperature
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between 13 and 177C. In natural conditions, the area is
covered by grasslands, with annual grasses adapted to the
occurrence of fires in summer and frosts in winter. Both
2nd-order streams are tributaries of the Paraná–La Plata
River system and are considered representative of many
Pampean streams (Feijoó and Lombardo 2007, Acuña et al.
2011, Feijoó et al. 2011). They originate in small depres-
sions, and their beds are characterized by fine sediments (pri-
marily silt and clay) underlain by a hard and homogeneous
substrata with high CaCO3 content and without stones and
pebbles (Feijoó and Lombardo 2007). They show slow lam-
inar flow because of their gentle slopes (≤0.02%) and con-
strained channels, and they possess high abundance of al-
gae and macrophytes (Giorgi et al. 2005).

Nutrient uptake
We conducted 5 combined PO4

32 andNH4
1 enrichment

experiments in September (early spring), December (late
spring), February (summer), April (autumn), and July (win-
ter) in both streams between 2011 and 2013. We dissolved
NaCl, HK2PO4 and NH4 Cl in stream water in a carboy
and released the solution to the stream as an instantaneous
slug (Wilcock et al. 2002, Ruggiero et al. 2006, Covino et al.
2010).We adjusted PO4

32 and NH4
1 concentrations in the

added solution to increase stream nutrient concentrations
within the natural concentration range of the streams (0.1–
1.5mgPO4

32-P/L and0.01–0.6mgNH4
1-N/L) (Feijoó et al.

2011). To obtain reliable measurements, we added the solu-
tion to the streams at a narrow location to ensure adequate
mixing (Stream Solute Workshop 1990, Martí and Sabater
2009). Additions lasted 15 to 80 min. During releases, the
increase in conductivity (as surrogate for the NaCl concen-
tration) in stream water was monitored with a WTW 3310
portable conductivity meter with data logger connected to a
TetraCon 325 conductivity probe (WTW, Weilheim, Ger-
many) at 10-s intervals. The change in tracer concentration
over time at the downstream location is the tracer break-
through curve (BTC).

We collected grab samples across the full range of the
NH4

1-N, PO4
32-P, and Cl BTCs at the end of the reach

(n 5 25 grab samples per release) at 20-s to 15-min inter-
vals. We intensified sampling when conductivity was chang-
ing rapidly. Upstream of the addition point, we monitored
pH, conductivity, temperature, and dissolved O2 (DO) with
a multiparameter HQ40d (HACH, Loveland, Colorado). We
collected 5 additional water samples (before and during the
addition) to measure background nutrient concentrations.
We used grab samples collected upstream to correct the
slug-addition grab samples for background concentrations.

A few hours before the nutrient-addition experiment, we
released NaCl as an instantaneous addition and measured
streamwater conductivity in real time with a WTW 3310
portable conductivity meter with data logger connected to
a TetraCon 325 conductivity probe (WTW) at 10-s intervals.
This content downloaded from 132.239.
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We used conductivity BTCs monitored in real time to guide
the collection of grab samples at the base of the reach dur-
ing nutrient-addition experiments to ensure characteriza-
tion of the entire NH4

1-N, PO4
32-P, and Cl BTCs.We used

NaCl dilution gaging to measure Q at the end of the reach
based on the linear relationship (r2 > 0.99, p < 0.0001) be-
tween conductivity and the NaCl concentration.

We filtered grab samples through fiberglass filters (What-
man GF/F) and analyzed them within 6 h for soluble reac-
tive P (SRP)with the ascorbic acid–molybdenumbluemethod
and for NH4

1 with the phenol–hypochlorite method (APHA
2005).We ranNO3

2 andNO2
2 analyses on aFUTURAAuto-

analyzer (Alliance Instruments, Frepillon, France) through a
reaction with sulfanilamide with a previous Cu–Cd reduc-
tion for NO3

2 (APHA 2005).
We analyzed the slug BTC data with the BTC-integrated

approach (e.g., Ruggiero et al. 2006), where the amount of
tracer recovered is estimated via integration of the tracer
BTCs to calculate one suite of spiralling metrics (e.g., sin-
gle Sw, Vf , and U values) from each slug addition. We cal-
culated the mass recovery of the added nutrients as the
product of the time-integrated tracer concentration and Q
at the downstream sampling location (Covino et al. 2010).
We estimated the temporal uptake rate coefficient (kt) us-
ing a mass balance between the nutrient mass leaving the
bottom of the reach (Md) and the mass of the initial nutri-
ent released into the stream (Mi):

kt 5
ln Mi

Md

� �

tp
, (Eq. 1)

where tp is the mean water travel time in the experimental
stream reaches (i.e., the time taken for the concentration
centroid to arrive at the downstream end of the reach).
Md was estimated by integrating the nutrient temporal
BTC at the downstream sampling point multiplied by Q.
From the estimates of kt, we calculated Sw (m) as v/kt, where
v (m/s) is the average water velocity. We calculated v by
dividing the reach length by the time elapsed between so-
lution release and arrival of the conductivity centroid at the
downstream sampling point. From Sw we calculated the
Vf (m/min) as:

Vf 5
v z
Sw

� 60, (Eq. 2)

where z is the average depth (see below).We also calculated
the areal nutrient uptake rate (mgm22 min21) as:

U 5
QC
Sww

� 60, (Eq. 3)

whereQ is the flow (L/s),C is the background nutrient con-
centration (mg/L), and w is the average width (m) (Stream
Solute Workshop 1990, Wilcock et al. 2002). Sw and Vf were
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also expressed on a stoichiometric basis by dividing them
by the molecular weight of the corresponding element (P
for SRP uptake metrics and N for NH4

1 metrics).
We used the 1-dimensional transport with inflow and

storage (OTIS) model to quantify the cross-sectional area of
the storage zone (AS) and the relative transient storage zone
size (AS/A), where A is the main-channel cross-sectional
area (Runkel 1998). To estimate whether any of the added
NH4

1 was nitrified, we compared the increase of NO3
2

or NO2
2 concentration during the additions with the ex-

pected NO3
2 or NO2

2 concentration if all of the NH4
1 were

transformed into any of these N forms (Ribot et al. 2012).
Reach characterization
The day after each addition experiment, we measured

the wetted width (w) and 3 equidistant depths along tran-
sects spaced 0.5 m apart in the LF stream (for a total of
60 transects) and 1 m apart in the DLC stream (50 tran-
sects) to estimate the reach surface area. We mapped the
distribution of each basal compartment (submerged macro-
phytes, floating macroalgae, epipelon, and epiphyton) from
these transects and estimated their covers as described by
FeijoóandMenéndez (2009).Wecollected6samplesof each
community for estimation of biomass. We transported the
biological samples to the laboratory in the dark and cold
for processing within 6 h. We estimated macrophyte and
epiphyton biomass as described by Vilches and Giorgi (2010)
and epipelon biomass as described by Leggieri et al. (2013).
Floating macroalgae were dried at 607C to constant dry
mass and combusted at 4807C for ~4 h to estimate the ash-
free dry mass (AFDM). Reach characterization and biomass
collection were done on the same days as chamber metabo-
lism measures were made in each stream (see below).

To evaluate the contribution of algal biomass to bio-
films (epiphyton and epipelon), we calculated the autotro-
phic index (AI) as AI5 AFDM/chlorophyll a. Values >200
suggest a heterotrophic community (APHA 2005). We com-
bined the community biomass data with the data from map
plotting to calculate the mean biomass of every basal com-
partment standardized by the reach surface (g AFDM/m2).
Whole-stream metabolism
Whole-stream measures at each stream began on the

same day and before each addition experiment was carried
out and ended the following day, once chamber measure-
ments were concluded. We estimated whole-stream rates
of gross primary production (GPP) and ecosystem respira-
tion (ER) with the open-channel 1-station technique (Odum
1956, Uehlinger and Naegeli 1998). We calculated rates by
measuring changes in DO concentrations in the streams
in 5-min increments for 24 to 32 h during and immediately
after nutrient-addition experiments with a field-calibrated
oximeter (HQ40D; HACH, Loveland, Colorado). We esti-
This content downloaded from 132.239.
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mated reaeration (k) as the decline of the DO concentration
after dusk (linear regressions to obtain k showed r2 ≥ 0.60;
Hornberger and Kelly 1975). We calculated net ecosys-
tem production (NEP) (g O2 m

22 min21) as described by
Leggieri et al. (2013). Daily NEP was the sum of net pro-
duction (1/min) over 24 h. Daily ER was the sum of the
NEP during the night and the respiration rate during the
day (obtained by the linear interpolation between the NEPs
~2 h before sunrise in the subsequent day and the NEPs
an hour after sunset of the addition day). Daily GPP was
the sum of daily NEP and daily ER (Odum 1956), and the
photosynthesis/respiration (P/R) index was estimated as
GPP:ER.

Chamber metabolism
We evaluated the metabolism of 4 basal compartments

(macrophytes, floating macroalgae, macrophyte–epiphyton
complex, and epipelon) with the chamber method. We con-
ducted chamber measurements at each stream on the same
sampling days that whole-stream measurements were made.

We estimated net community production (NCP) and
respiration (CR) of each compartment from incubations in
acrylic rectangular chambers (volume 5 6.6 L) without cir-
culation (giving low current velocity; Velasco et al. 2003).
We measured the variation of the DO concentration with
a field-calibrated oximeter (HQ40D; HACH). During each
measurement, the probe was immersed in the chamber and
was kept in constant motion to break up any possible dif-
fusion gradient.

We collected samples of each basal compartment from
random locations throughout the study reach and incu-
bated them in triplicate in the chambers. We used macro-
phyte–epiphyton complex and floating macroalgae sam-
ples as they were collected from the streams. We washed
macrophyte samples with a brush to remove the attached
epiphyton. We put 3 epipelon core samples (diameter 5
4 cm) in each chamber. We ran 3 additional chambers filled
with stream water to correct the possible influence of seston
on the metabolism of the other compartments. We used
this compartment only as a correction because the meta-
bolic activity of seston is very low in these streams (Vilches
and Giorgi 2010).

We covered the chambers with a plastic black sheet and
incubated them in the streams for 2 h in the dark to es-
timate CR. Afterward, we removed the plastic sheet and
incubated the chambers for 1 more hour (to avoid super-
saturation) to estimate NCP of each compartment. We cal-
culated gross community production (GCP) as the sum of
NCP and CR. We subtracted metabolic rates obtained in
the chambers filled with stream water from the rates ob-
tained in the chambers with samples of the other 4 com-
partments. We measured the volume occupied by the sam-
ples of each basal compartment used in the incubations
and deducted it from the total volume of each chamber.
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Metabolic rates of epiphyton were calculated as the dif-
ference between the rates of macrophytes alone and the
macrophytes1epiphyton complex (Vilches and Giorgi 2010).
We used the methods described above to estimate the bio-
mass of each compartment in the chambers. We calculated
CR, NCP, and GCP for each chamber in units of O2 pro-
duction or consumption per unit AFDM and time and trans-
formed values to g O2m

22 h21 by considering the proportion
of the stream reach covered by the different compartments
obtained from the mapping.
Statistical analyses
We used simple linear regression to test relationships

between Q and AS/A and between AS/A and the macro-
phytic biomass. We also analyzed the relationships be-
tween uptake metrics and background nutrient concentra-
tions. We evaluated their fit to the models proposed by
O’Brien et al. (2007) based on least squares regression solved
with the Levenberg–Marquardt estimation algorithm. First,
we analyzed the fit of the relationship to a linear model.
Both SRP and NH4

1 showed a good fit to the linear relation-
ship. We did not observe deceleration of nutrient uptake
with increasing concentration (indicating no saturation), so
we did not test models that included saturation of retention
(loss of efficiency or Michaelis–Menten). We also tested the
relationship between USRP and SRP concentration for an
exponential response. We used Spearman rank correlations
to evaluate the possible relationships between uptake met-
rics and hydrological, biological, and metabolic variables
(n 5 10). When ≥2 explanatory variables were redundant
(e.g., NEP, ER, and P/R), we considered only 1 of them. Fol-
lowing this criterion, the total number of correlation tests
performed for each uptake metric was 14 (42 tests for each
nutrient). The explanatory variables included in the analy-
sis were: temperature; specific discharge (Q/w); AFDM of
macrophytes, epiphyton, and epipelon; AI of epipelon and
epiphyton; NCP of macrophytes, epiphyton, and epipelon;
RC of macrophytes, epiphyton, and epipelon; and ecosystem
P/R. Floating macroalgae were absent on ½ of the sam-
plingdates, so we excluded them from this analysis. We also
analyzed the covariation of SRP and NH4

1 uptake metrics
(Sw andVf) with Spearman rank correlations.We checked the
normality of all the response variables with the Kolmogorov–
Smirnov test.
RESULTS
Environmental characteristics of the stream reaches

The streams had high values of specific conductivity and
dissolved nutrient concentration (Table 1). NO3

2 concen-
tration was higher but N :P was lower in LF than in DLC,
suggesting a higher P deficiency in DLC. In addition, LF had
lower Q and higher AS/A than DLC (Table 1). SRP concen-
trationwasmaximum in summer for DLC and in late spring
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for LF, and minimum in early spring in both streams, in win-
ter for DLC, and in autumn for LF (data not shown). In the
case of NH4

1, concentrations were maximum in autumn
for DLC and in late spring for LF, and minimum in winter
for DLC and in early spring for LF (data not shown). When
considering the data from both streams, we observed a neg-
ative relationship betweenAS/A andQ (Fig. 1).However,AS/A
was not significantly related to the macrophytic biomass.

Biomass of basal compartments
The sum of biomasses of all basal compartments (as

AFDM) ranged from 322 to 612 g/m2 in DLC and from
556 to 975 g/m2 in LF. AFDM differed significantly among
functional compartments in both streams. The AFDM was
higher in the epipelic compartment than in the other ones
(Table 2). Macrophytic biomass was higher in DLC than in
LF, with a maximum in summer and in late spring, respec-
tively. The highest epiphyton biomass was registered in
winter in DLC and in early spring in LF, and the lowest value
was registered in late spring for both streams. Floating mac-
roalgae were present on only ½ of the sampling occasions.
The highest biomass was registered in winter in DLC and
in early spring in LF.

The AFDM method did not allow us to separate living
from dead organic matter, so we might have underesti-
mated epipelic biomass with this method. On the other
hand, when comparing biofilms based on chlorophyll a
content (Table 2), we observed that epiphyton and epi-
pelon biomasses were lower and even similar in some sam-
pling periods (especially in DLC stream).

Whole-reach and chamber metabolism
Metabolic ecosystem rates were elevated relative to other

streams and rivers of the world (Acuña et al. 2011). P/R
was >1 in both streams, suggesting the dominance of auto-
trophic processes over heterotrophic processes (Table 3).
Table 1. Mean (±SD) values of physicochemical and hydrologi-
cal characteristics of Las Flores and De la Cruz streams. SRP 5
soluble reactive P.

Stream De la Cruz Las Flores

pH 8.99 (0.63) 8.72 (0.37)

Conductivity (lS/cm) 892 (36) 750 (216)

Flow (Q L/s) 26.8 (13.0) 7.6 (6.1)

Stream velocity (m/s) 0.21 (0.06) 0.07 (0.05)

AS/A 0.37 (0.13) 0.54 (0.12)

SRP (mg/L) 0.11 (0.14) 0.15 (0.15)

NO3
2-N (mg/L) 6.26 (3.05) 11.71 (9.93)

NO2
2-N (mg/L) 0.32 (0.48) 0.28 (0.27)

NH4
1-N (mg/L) 0.02 (0.02) 0.06 (0.09)

Molar N:P 426 (677) 295 (253)
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CR and GCP differed among different compartments in
both streams, and epipelon had the highest rates (Table 4).
Overall, epipelon was the compartment that contributed
most to metabolism at the whole-reach scale on most sam-
pling dates (21–89% of CR for DLC and 0–96% for LF; 34–
69% of GCP for DLC and 33–95% for LF) in both streams
and considering the basal compartments analyzed.

Nutrient uptake metrics
In comparison to previous studies, nutrient uptake was

high in both streams (Table 5). The mean percentage of
SRP retained from the P-PO4

32 added in the different ad-
dition experiments was 65% (range: 44–95%) for DLC and
49% (range: 26–67%) for LF. The percentage of NH4

1 re-
tained was even higher, at 87% (range: 73–96%) in DLC
and 84% (range: 69–97) in LF.USRP was maximum in sum-
mer for DLC (4724 lg m22 min21) and in late spring for
LF (11,899 lg m22 min21), and minimum in winter for
DLC (187 lg m22 min21) and autumn for LF (44 lg
m22 min21). The higher SRP uptake in DLC was in accor-
dance with the higher P demand expected for this stream.
UNH41 was maximum in autumn (1166 lg m22 min21) for
DLC and in late spring for LF (7435 lg m22 min21), and
minimum in winter for DLC (54 lg m22 min21) and in au-
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tumn for LF (76 lg m22 min21). The uptake metrics esti-
mated in both streams reflected the elevated nutrient re-
tention, with low Sw and high Vf and areal uptake rates
for both SRP and NH4

1 (Table 5). When the uptake met-
rics were estimated on a molar basis, no significant rela-
tionships were detected between Sw-SRP and Sw-NH41 and
between Vf-SRP and Vf-NH41.

Uptake kinetics
The relationships between the uptake metrics and back-

ground nutrient concentrations in the stream water indi-
cated that the uptake function was not saturated along
the wide nutrient gradient that we observed (Fig. 2A–F).
The relationship between USRP and SRP concentration fit
an exponential model (r2 5 0.86, p 5 0.0001; Fig. 2A)
and this relationship remained significant when the high-
est SRP concentration point was removed from the analy-
sis (r25 0.77, p < 0.0001). This relationship also fit in a lin-
ear model, but the coefficient of determination was lower
than for the exponential model one (r2 5 0.74). Sw-SRP de-
creased linearly with SRP concentration (r2 5 0.61, p 5
0.008; Fig. 2C) supporting the exponential model. Vf-SRP

tended to increase with SRP concentration, but this rela-
tionship was not significant (Fig. 2B).UNH41 also increased
withNH4

1 concentration but followed a linearmodel (r25
0.98, p5 0.00001; Fig. 2D). This relationship remained sig-
nificant (r2 5 0.64, p 5 0.006) when the point with the
highest NH4

1 concentration was eliminated. Vf-NH41 and
Sw-NH41 showed no significant relationships with NH4

1

concentration (Fig. 2E, F). Our data showed a good fit to
the linear relationship for both SRP and NH4

1, which is
characteristic of the 1st-order response model, so we did
not test their fit to the saturation models.

Environmental and functional variables controlling
nutrient uptake

USRP was positively associated (r 5 0.80, p 5 0.005),
whereas Sw-SRP was negatively associated with temperature
(r520.71, p5 0.021) (Fig. 3A, B). Epiphyton AI was pos-
itively correlated with USRP (r 5 0.75, p 5 0.013) and neg-
atively correlatedwithSW-SRP (r520.70,p5 0.025) (Fig. 3C,
D). Among the metabolic variables, the epipelon NCP was
negatively related toUSRP (r520.77, p5 0.009) andVf-SRP

(r520.81, p5 0.005) (Fig. 3E, F). USRP decreased with
Figure 1. The relative size of the transient storage zone (AS/A)
decreased with increasing flow (Q) Las Flores (LF) and De la Cruz
(DLC) streams.
Table 2. Mean (range) ash-free dry mass (AFDM) and chlorophyll a concentration of each basal compartment in Las Flores (LF)
and De la Cruz (DLC) streams (n 5 5 for all compartments, except for floating macroalgae where n 5 2 for DLC and n 5 3 for LF).

Stream

AFDM of basal compartments (g/m2) Chlorophyll a (mg/m2)

Macrophytes Floating macroalgae Epiphyton Epipelon Epiphyton Epipelon

DLC 25.76 (11.8–55.2) 0.63 (0–2.41) 0.69 (0.03–1.77) 422.6 (265–576) 17.0 (0.64–37.8) 32.6 (3.18–57.3)

LF 5.53 (1.53–14) 1.25 (0–4.47) 0.13 (0.02–0.39) 717.8 (545–972) 1.66 (0.02–7.18) 37.5 (11.5–55.6)
001.230 on December 26, 2016 04
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increasing P/R (r 5 20.68, p 5 0.029), was highly variable
when P/R < 1, and was low when P/R > 1 (Fig. 3G).

The factors correlated with NH4
1 uptake included spe-

cific discharge (Q/w), AS/A, and ecosystem P/R. Q/w was
positively correlated with Vf-NH4 (r 5 0.82, p 5 0.004;
Fig. 4A), whereas AS/A was negatively associated with
Vf-NH41 (r 5 20.85, p 5 0.002; plot not shown). This last
correlation possibly reflected the negative relationship be-
tween flow and AS/A. Vf-NH41 increased with ecosystem
P/R (r 5 0.64, p 5 0.048; Fig. 4B).

NO2
2 concentration increasedwithNH4

1 loss, butNO3
2

concentration did not change during additions. Therefore,
we considered nitrification only in terms of NO2

2 gain (data
not shown). Nitrification in DLC was very low in summer
(<1%), but varied between 22 and 37% in the other seasons.
In LF, the estimated nitrification represented between 8 and
43% of total NH4

1 uptake during the year (Fig. 5).

DISCUSSION
Despite high background nutrient levels, SRP and NH4

1

uptakes were high compared to previous reports and were
not saturated. UNH41 fit in a 1st-order model (O’Brien et al.
2007), but the relationship between USRP and SRP concen-
trationwas better described by an exponential model (Fig. 2A).
This content downloaded from 132.239.
All use subject to University of Chicago Press Terms 
Supporting this model, Vf-SRP tended to increase linearly
and Sw-SRP decreased linearly with SRP concentration. The
models of the relationship between stream nutrient pro-
cessing and concentration (O’Brien et al. 2007) assumed
saturation or no change in the nutrient uptake efficiency
(expressed as Vf) as the nutrient concentration increased.
However, our results suggested a higher efficiency of SRP
uptake at high SRP levels, and the relationship between USRP

and SRP concentration fit an exponential model.

Nutrient uptake metrics in the Pampean streams
The uptake metrics estimated in our study were high

when compared with data from other fluvial systems of the
world (Table 5). Sw-SRP in both Pampean streams were within
the range reported for pristine streams (Marcé and Armengol
2009) or for streams of the same order (Ensign and Doyle
2006). However, in our study, Vf-SRP was 1 order of magni-
tude higher and USRP was 2 orders of magnitude higher
than the values presented by other authors. The same sit-
uation was observed for NH4

1 uptake. Sw-NH41 was lower
and Vf-NH41 and UNH41 were higher than the values re-
ported by Ensign and Doyle (2006) and Hall et al. (2013).
The differences were even larger when compared to values
from impaired streams with high nutrient levels, where Sw
generally was on the order of kilometers (Martí et al. 2004,
Haggard et al. 2005, Marcé and Armengol 2009). The up-
take metrics in our study were similar to those estimated
in the LF stream downstream of our sampling point and in
other Pampean streams (Feijoó et al. 2011, Rodríguez Castro
2015) (Table 5). Hence, our results confirmed the previous
evidence of high efficiency of nutrient uptake in streams of
the region.

Lack of saturation of nutrient uptake
USRP and UNH41 increased with nutrient concentrations,

but followed different models. UNH41 fit in a linear model,
Table 3. Mean (±SD) gross primary production (GPP), net eco-
system production (NEP), ecosystem respiration (ER), and GPP:
ER (P/R) of Las Flores (LF) and De la Cruz (DLC) streams.

Ecosystem metabolic rate

Stream

DLC LF

GPP (g O2 m
22 d21) 4.40 ± 2.16 3.80 ± 2.27

ER (g O2 m
22 d21) 3.27 ± 2.70 3.03 ± 0.71

NEP (g O2 m
22 d21) 1.13 ± 3.40 0.77 ± 2.80

P/R 1.97 ± 1.59 1.41 ± 1.11
Table 4. Mean (±SD) net community production (NCP), community respiration (CR), and gross community
production (GCP) for macrophytes, floating macroalgae, epiphyton, and epipelon in Las Flores (LF) and De
la Cruz (DLC) streams (n 5 5 for all compartments, except for macroalgae where n 5 2 for DLC and n 5 3
for LF).

Stream Compartment

Metabolic rate (g O2 m
22 h21)

NCP CR GCP

DLC Macrophytes 0.173 ± 0.224 0.038 ± 0.030 0.210 ± 0.247

Floating macroalgae 0.004 ± 0.006 0.001 ± 0.001 0.005 ± 0.006

Epiphyton 0.021 ± 0.015 0.011 ± 0.011 0.032 ± 0.025

Epipelon 0.118 ± 0.123 0.091 ± 0.053 0.209 ± 0.130

LF Macrophytes 0.056 ± 0.101 0.007 ± 0.009 0.063 ± 0.110

Floating macroalgae 0.023 ± 0.042 0.001 ± 0.001 0.024 ± 0.043

Epiphyton 0.033 ± 0.034 0.003 ± 0.004 0.100 ± 0.110

Epipelon 0.199 ± 0.155 0.036 ± 0.038 0.299 ± 0.129
001.230 on Decemb
and Conditions (http
er 26, 2016 04:26:15 A
://www.journals.uchica
M
go.edu/t-and-c).



T
ab
le

5.
U
pt
ak
e
m
et
ri
cs

(r
an
ge
)
es
ti
m
at
ed

in
th
e
st
ud

ie
d
P
am

pe
an

st
re
am

s
an
d
in

ot
he
r
fl
uv
ia
l
sy
st
em

s
of

th
e
w
or
ld
.M

ea
ns

ar
e
re
po

rt
ed

fo
r
da
ta

co
lle
ct
ed

by
M
ar
tí
et

al
.

20
04
,H

ag
ga
rd

et
al
.2

00
5,

H
al
l
et

al
.2

01
3,

R
od

rí
gu

ez
C
as
tr
o
20
15
,a
nd

in
ou

r
st
ud

y.
M
ed
ia
ns

ar
e
pr
es
en
te
d
fo
r
th
e
ot
he
r
st
ud

ie
s.
R
an
ge
s
in

E
ns
ig
n
an
d
D
oy
le

(2
00
6)

ar
e

in
te
rq
ua
rt
ile

ra
ng

es
.S

w
5

up
ta
ke

le
ng

th
,V

f
5

up
ta
ke

ve
lo
ci
ty
,U

5
up

ta
ke

ra
te
.

St
re
am

S w
2
S
R
P
(m

)
V
f2

S
R
P

(m
m
/m

in
)

U
S
R
P

(l
g
m

2
2
m
in

2
1
)

S w
2
N
H
4
1

(m
)

V
f2

N
H
4
1

(m
m
/m

in
)

U
N
H
4
1

(l
g
m

2
2
m
in

2
1
)

So
ur
ce

D
e
la

C
ru
z

56
(1
8–

95
)

38
(2
2–

52
)

14
83

(1
87

–
47
24
)

26
(1
7–

42
)

92
(2
3–

16
5)

40
0
(5
4–

11
66
)

T
hi
s
st
ud

y

L
as

Fl
or
es

47
(2
9–

71
)

20
(1
–
59
)

27
76

(4
4–

11
89
9)

15
(9
–
27
)

45
(6
–
63
)

18
20

(7
6–

74
35
)

T
hi
s
st
ud

y

L
as

Fl
or
es

(i
n
sp
ri
ng

)
25
0

3.
7

14
91

Fe
ijo

ó
et

al
.2

01
1

L
as

Fl
or
es

75
30

46
80

R
od

rí
gu

ez
C
as
tr
o
20
15

L
a
C
ho

za
12
08

(3
5–

44
63
)

21
(2
–
72
)

87
0
(1
20

–
26
40
)

R
od

rí
gu

ez
C
as
tr
o
20
15

In
di
o
R
ic
o

37
36
0

73
80

R
od

rí
gu

ez
C
as
tr
o
20
15

A
rr
oy
o
G
ra
nd

e
38

24
0

49
20

R
od

rí
gu

ez
C
as
tr
o
20
15

27
st
re
am

s
of

2n
d
or
de
r

62
(2
6–

22
3)

2.
6
(1
.2
–
6.
9)

17
(9
–
35
)

12
0
(6
0–

26
6)

5.
1
(2
.6
–
10
)

32
(1
1–

59
)

E
ns
ig
n
an
d
D
oy
le

20
06

2
im

pa
ir
ed

st
re
am

s
87
00

(6
80
0–

13
40
0)

0.
3
(0
.1
–
0.
5)

13
20

(7
20

–
17
40
)

86
3
(4
00

–
14
00
)

2.
9
(0
.8
–
5.
9)

11
40
0
(4
50
0–

19
50
0)

H
ag
ga
rd

et
al
.2

00
5

2
im

pa
ir
ed

st
re
am

s
37
00

32
00

M
ar
tí
et

al
.2

00
4

46
pr
is
ti
ne

st
re
am

s
88

(6
–
29
55
)

4.
5
(0
.3
–
41
)

M
ar
cé

an
d
A
rm

en
go
l
20
09

20
im

pa
ir
ed

st
re
am

s
34
95

(5
0–

18
81
15
)

0.
3
(0
.1
–
79
)

M
ar
cé

an
d
A
rm

en
go
l
20
09

27
1
st
re
am

s
12
67

(2
–
87
87
9)

4.
17

(0
.0
3–

38
.6
)

H
al
l
et

al
.2

01
3

36
0
st
re
am

s
41
9
(5
–
56
09
)

6.
15

(0
.3
–
11
9)

H
al
l
et

al
.2

01
3

This content downloaded from 132.239.001.230 on December 26, 2016 04:26:15 AM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).



Volume 36 March 2017 | 000
whereas Vf-NH41 did not change consistently with the NH4
1

concentration. Dodds et al. (2002) found no relationship be-
tween Vf and NO3

2 concentration, as expected with a linear
model, in some of the additions that they performed in a
prairie stream. Levi et al. (2015) also observed a linear re-
lationship between UNH41 and NH4

1 concentration when
they pooled data from different macrophyte-rich streams
reported in the literature. However, we injected NH4

1 but
not NO3

2 because NO3
2 is the predominant form of N in

aquatic ecosystems (Allan and Castillo 2007), including our
streams. In theory, NH4

1 is an energetically less costly N
source, and thus should be preferred over NO3

2 to cover
the autotrophic demand (Feijoó et al. 2002, Oviedo-Vargas
et al. 2013). In the case of SRP, USRP increased exponen-
tially with SRP concentration, suggesting that the stream
This content downloaded from 132.239.
All use subject to University of Chicago Press Terms 
was well below saturation (Earl et al. 2006). We did not de-
tect lower Vf with increasing nutrient availability, but we ex-
pect that saturation might be reached both in the linear and
in the exponentialmodel at higher nutrient concentrations.
In the case of the linear model, we can assume Michaelis–
Menten kinetics, whereas the exponential model suggests a
sigmoidal function that can be described by the Hill func-
tion (Scheffer 1990). The Michaelis–Menten function is a
special case of the Hill function (Scheffer 1990).

Previous researchers generally have shown that stream
nutrient Vf decreases under high nutrient loading because
of saturation of the uptake function in biological communi-
ties (e.g., Martí et al. 2004, Hoellein et al. 2007, Mulholland
et al. 2008, Marcé and Armengol 2009, O’Brien and Dodds
2010). However, Diemer et al. (2015) observed an increase
Figure 2. Relationships between uptake rate (U) for soluble reactive P (SRP) (A) and NH4
1 (D), uptake velocity (Vf 5 relative efficiency)

for SRP (B) and NH4
1 (E), and uptake length (Sw) for SRP (C) and NH4

1 (F) and background nutrient concentration (in mg/L of SRP and
mg/L of NH4

1-N) indicate nonsaturation of SRP and NH4
1 uptake in both streams. NH4

1 uptake fits a 1st-order model, whereas an expo-
nential model best explains SRP uptake.
001.230 on December 26, 2016 04:26:15 AM
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Figure 3. Significant Spearman correlations for soluble reac-
tive P (SRP) were found between temperature (A, B), epiphyton
autotrophic index (AI) (C, D), epipelon net production (NCP)
(E, F), and ecosystem gross primary production:respiration ratio
(P/R) (G) and uptake rate (U) (A, C, E, G), uptake length (Sw) (B, D),
and uptake velocity (Vf5 relative efficiency) (F) in Las Flores (LF)
andDe la Cruz (DLC) streams.
Figure 4. Significant Spearman correlations for NH4
1 were

found between specific discharge (Q/w) (A) and ecosystem gross
primary production:respiration ratio (P/R) (B) and uptake velocity
(Vf 5 relative efficiency) in Las Flores (LF) and De la Cruz (DLC)
streams.
in Vf with increasing concentration in some of their stud-
ied streams in burned watersheds of Siberia. They proposed
the term “biostimulation model” to describe this pattern and
argued that the demand for a particular nutrient is stimulated
by greater nutrient concentration. Even though this condi-
tion has not been described often in the literature, Rodriguez
Cardona et al. (2016) observed an increase in Vf at higher
nutrient concentrations, and Covino et al. (2012) found a de-
crease in Sw with higher added N concentrations in a stream
with chronic N inputs. Ribot et al. (2013) compared the
uptake kinetics of biofilms from 2 streams differing in back-
ground N concentrations. They observed that the saturation
of NH4

1 uptake occurred at lower U in the low-N than in
the high-N stream and concluded that the response capacity
of biofilms for short-term increases in nutrient concentra-
tion was determined by the ambient nutrient concentration
under which they developed. A similar mechanismmight ex-
plain the lack of saturation of SRP andNH4

1 uptake that we
observed.

Another possible explanation for the lack of saturation
of nutrient uptake could be related to the high biological di-
versity and the presence of various basal compartments that
were characteristic of Pampean streams (Giorgi et al. 2005,
Feijoó et al. 2014). Experimental evidence indicates that
aquatic communities with higher species richness take bet-
ter advantage of niche opportunities than those with fewer
species because the coexistence of different species that are
best adapted for different habitats allows diverse systems to
capture greater proportions of nutrients (Cardinale 2011).
In addition, Levi et al. (2015) proposed that macrophyte-rich
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Figure 5. Example of the estimation of nitrification (Las Flores
[LF] in summer). Observed NO2

2 concentrations and expected
NO2

2 concentrations if all of the added NH4
1 were transformed

to NO2
2. In this case, the estimated nitrification was 43% of

total NH4
1 uptake.
streams were able to process higher concentrations of NH4
1

before uptake was saturated relative to streams without
macrophytes. Mechanisms like these could be operating in
Pampean streams where biotic diversity and macrophyte
cover are high.
Factors influencing nutrient uptake
Transient storage has been proposed as one of the deter-

minants of nutrient uptake because in these localized re-
gions, water moves slower, favoring exposure of solutes to
biogeochemically reactive substrates (Webster et al. 2003).
However, in a review of nutrient spiralling, Ensign and Doyle
(2006) found little evidence of a causal relationship between
transient storage and nutrient uptake. In addition, others
have proposed that in macrophyte-dominated streams, the
size of the transient storage zone will be associated with
plant growth that induces changes in both stream flow and
hyporheic exchange patterns (Salehin et al. 2003, Gücker
and Boëchat 2004). In accordance with the results of En-
sign and Doyle (2006), we did not find a significant rela-
tionship between AS/A and uptake metrics or macrophytic
biomass. Our data showed that AS/A was associated with
flow, a result suggesting that in these streams, transient stor-
age is mainly driven by hydrology and may not depend on
vegetation abundance or the development of a hyporheic
zone. The uptake metrics also were not related to macro-
phytic biomass. Thus, the results do not support our hypoth-
esis that greater plant abundance enhanced nutrient uptake
by enlargement of the transient storage zone.

With the exception ofVf-SRP, all SRP uptake metrics were
significantly related to temperature, indicating higher SRP
uptake with increasing temperature.USRP was positively as-
sociated with epiphyton AI (but Sw-SRP was negatively associ-
ated), and SRP uptake and efficiency decreased when the
This content downloaded from 132.239.
All use subject to University of Chicago Press Terms 
epipelon community production increased. These results
suggest that SRP uptake would be favored by the presence
of more heterotrophic epiphytic biofilms and less produc-
tive epipelic biofilms. In addition, USRP was higher under
more heterotrophic conditions (P/R < 1). The positive asso-
ciations of SRP uptake metrics with temperature, epiphyton,
and ecosystem heterotrophy provided evidence that SRP up-
take may be dominated by the heterotrophic demand. This
result was unexpected.We had predicted a significant effect
of photoautotrophic activity, considering the abundance of
macrophytes and the expected autotrophic nature of Pam-
pean streams. Few investigators have reported a heterotro-
phic demand on nutrient retention, especially in autotrophic
streams. However, Hoellein et al. (2007) found evidence for
heterotrophic control onVf-SRP andUSRP across biomeswhen
they combined their data with other studies from the litera-
ture. Webster et al. (1991) also found that the primary
mechanism of PO4

32 uptake in southern Appalachian
streamswas heterotrophic uptake. Several other investigators
have found strong relationships with low explanatory power
between metabolism and U (Hoellein et al. 2007), results
suggesting that additional factors may influence nutrient
uptake dynamics in headwater streams (von Schiller et al.
2008a).

Sw generally increases with Q (Valett et al. 1996, Peter-
son et al. 2001, Hall et al. 2002, Niyogi et al. 2004, Marcé
and Armengol 2009) and with Q/w for both N and P (Hall
et al. 2009). However, no significant relationships between
Q/w and Vf have been reported (Hanafi et al. 2006, Marcé
and Armengol 2009). We found that Vf-NH41 increased with
Q/w, suggesting a higher efficiency in NH4

1 uptake at ele-
vated flows. However, the current velocities are very low in
Pampean streams, and an increase in flow might facilitate
the exchange of nutrients between the water column and
the benthic community through the disruption of the bound-
ary layer. Mass transfer can control nutrient uptake by
benthic and epiphytic algae (Larned 2010). As velocity in-
creases, the depth of the boundary layer decreases. Conse-
quently, diffusion distance is reduced, algae encounter
higher nutrient concentrations, and nutrient U increases
(Horner et al. 1990, Larned et al. 2004).

NH4
1Vf increased with the degree of autotrophy of the

ecosystem in our study. Previous investigators typically re-
ported a coupling between NH4

1 processing and metabo-
lism (Hall and Tank 2003, Gücker and Pusch 2006, Rasmus-
sen et al. 2011, Cohen et al. 2013), but some authors found
no relationship between GPP, ER, or P/R with NH4

1 uptake
(von Schiller et al. 2008b, O’Brien et al. 2014). Our results
suggested that NH4

1 uptake was enhanced under more au-
totrophic conditions.

The addition experiments did not allow us to separate
direct autotrophic uptake from other N removal processes
mediated by bacteria, such as nitrification and denitrifica-
tion. Many previous investigators have found that nitrifica-
tion is common in streams and varies substantially across
001.230 on December 26, 2016 04:26:15 AM
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biomes (Peterson et al. 2001, Bernhardt et al. 2002). In par-
ticular, nitrification could be high in eutrophic streams
(Merseburger et al. 2005, Gammons et al. 2011). According
to our data (not shown), nitrification could potentially ex-
plain up to ~40% of total NH4

1 uptake in these streams in
some periods of the year (Fig. 5). Thus, the heterotrophic
biofilms could have influenced NH4

1 spiralling through di-
rect uptake or nitrification, but to a proportionally lower
degree than the autotrophic demand.

Macrophytes can increase nutrient uptake in streams di-
rectly by assimilating P and N from the water column and
storing them as standing stock biomass, with longer reten-
tion times than fluvial biofilms. They also can enhance nutri-
ent processing indirectly by providing surface areas for epi-
phytic communities or promoting denitrification (Riis et al.
2012, O’Brien et al. 2014). Macrophytes can have higher U
than other autotrophs as a result of their large nutrient bio-
mass and relatively high Vf (Peipoch et al. 2014, Levi et al.
2015). However, a clear link between macrophytic abun-
dance and nutrient U has not always been detected. Ras-
mussen et al. (2011) found that nutrient uptake and GPP
increased with macrophyte cover in 4 Icelandic streams,
and Hensley et al. (2014) observed greater removal rates
in reaches with high macrophyte cover relative to in less veg-
etated reaches of 6 spring-fed rivers. However, O’Brien et al.
(2014) did not see an increase in whole-stream nutrient
uptake resulting from macrophyte growth, and Riis et al.
(2012) could not verify their hypothesis that whole-stream
U was higher in vegetated than in other streams. In addi-
tion, the ability of macrophytes to gain nutrients can be in-
fluenced by attributes such as plant life form (Wilcock et al.
2004), taxonomic group (macroalgae or vascular plants), spe-
cies type, and tissue stoichiometry (Hensley et al. 2014).

Previous results in LF stream suggested that the influ-
ence of SRP uptake by algal biofilms depended on their
biomass and metabolic activity, whereas macrophytes in-
fluenced nutrient uptake by giving structure to the physi-
cal environment and generating habitat heterogeneity for
other autotrophs (Feijoó et al. 2011). Based on this infor-
mation, we expected that nutrient uptake would be driven
mainly by algal biofilms, with macrophytes playing a minor
role. In the case of NH4

1, we found a significant relation-
ship between Vf and ecosystem P/R, but we did not detect
positive associations for algal biomass. In the case of SRP,
we did not detect positive associations between algal bio-
mass and productivity and SRP uptake. Consequently, our
data gave partial support to our 2nd hypothesis for NH4

1

but not for SRP.
Given the abundance of autotrophic communities in Pam-

pean streams, we sampled all autotrophic basal communi-
ties and analyzed their influence on nutrient uptake. How-
ever, other abiotic and biotic mechanisms can influence the
nutrient uptake in lotic systems. For instance, P adsorption
to the sediment can be important (Davis andMinshall 1999),
This content downloaded from 132.239.
All use subject to University of Chicago Press Terms 
especially in chalk streams (Boar et al. 1995, Jarvie et al.
2006). P coprecipitation could be important in Pampean
streams, given the high CaCO3 content in their substrata.
The percentage of P retained in the LF stream did not vary
during the day (Martí et al. 2011, unpublished data), a re-
sult suggesting that an abiotic mechanism not linked to
diel variation of light and temperature also influenced P.
Therefore, we cannot discard P adsorption to sediments
as another mechanism that contributes to total P uptake in
these streams. On the other hand, adsorption should not be
relevant in the case of NH4

1 given that NH4
1 uptake strongly

increased during the day compared to the night (Martí et al.
2011, unpublished data).
Conclusions
Studies of in-stream biogeochemical transformations across

climates, landscapes, and biomes are critical for enlarging our
view of how nutrient retention works and its geomorpho-
logical and biological determinants. Our results challenged
some of the assumptions made by previous researchers on
stream nutrient processing. First, nutrient uptake and effi-
ciency in enriched Pampean streams can be very high and
similar to those in streams with low nutrient levels. Second,
the role of macrophytes in nutrient retention seemed to be
minor in these streams despite the high macrophytic abun-
dance. Last, we assumed that nutrient uptake is governed
by autotrophs in open-canopy streams (Fellows et al. 2006),
but nutrient processing in Pampean streams is likely to rely
on both autotrophic and heterotrophic demand, especially
in the case of P. Thus, further research is needed to clarify
the role of the heterotrophic demand in highly productive
and autotrophic streams.
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