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Abstract. Stream ecosystem processes such as nutrient cyas did Bormann and Likens (1967) for a small watershed.
cling may vary with stream position in the network. Us- When ecosystems are well bounded (Post et al., 2007), we
ing a scaling approach, we examined the relationship bepredict that as they change size, attributes will change con-
tween stream size and nutrient uptake length, which repreeurrently. For example, dissolved solute concentrations in
sents the mean distance that a dissolved solute travels pri@treams varied with the size of the drainage basin (Likens
to removal from the water column. Ammonium (Ijll)-l up- and Buso, 2006). Further, position in a watershed can deter-
take length increased proportionally with stream size meaimine chemical attributes of lakes (Kratz et al., 1997; Soranno
sured as specific discharge (discharge/stream width) witlet al., 1999). Despite previous recognition of these patterns,
a scaling exponent 1.01. In contrast, uptake lengths for there are few quantitative relationships linking ecosystem
nitrate (NG;) and soluble reactive phosphorus (SRP) in- processes and, for example, position in a drainage network
creased more rapidly than increases in specific dischargéEnsign and Doyle, 2006). Here we use an allometric scaling
(scaling exponents 1.19 for NG; and 1.35 for SRP). Addi-  approach applied to stream ecosystems to examine how nu-
tionally, the ratio of inorganic nitrogen (N) uptake length to trient uptake in streams varies as a function of ecosystem size
SRP uptake length declined with stream size; there was relmeasured as specific discharge and position in the network.
atively lower demand for SRP compared to N as stream size Streams and rivers are well bounded laterally by their
increased. Finally, we related the scaling of uptake lengthbanks, but are open longitudinally, and because of this prop-
with specific discharge to that of stream length using Hack’serty, ecologists have developed a scale-independent means of
law and downstream hydraulic geometry. Ammonium uptakemeasuring nutrient cycling. Uptake length is the average dis-
length increased less than proportionally with distance fromtance a nutrient molecule travels before being removed from
the headwaters, suggesting a strong role for larger streanthie water column via biotic processes (Newbold et al., 1981,
and rivers in regulating nutrient transport. Webster and Patten, 1979), and is estimated from the inverse
of a first-order uptake rate of nutrients experimentally added
to the water column of a stream, either as a tracer (Newbold
etal., 1981), or as a small increment to ambient concentration
1 Introduction (Stream Solute Workshop, 1990). The uptake length metric is
scale independent in the sense that the length of stream cho-
One of the most elegant applications of the ecosystem congen should not influence the value of the measured uptake
cept (O'Neill, 2001) has been to define the boundary or edgqength; however, stream discharge and width will strongly

of an ecosystem and quantify the functioning (e.g., materegulate how far nutrients travel (Tank et al., 2008). The
rial cycling or energy flow) within this spatially explicit unit,

Published by Copernicus Publications on behalf of the European Geosciences Union.
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nutrient-spiraling approach combines both hydrologic andactive phosphorus SRP) by scaling nutrient uptake length as
biological controls on nutrient uptake in flowing waters, and a function of specific discharge using previously published
also quantifies the degree to which upstream reaches amata on nutrient uptake. Given these scaling relationships
functionally linked to downstream reaches or other ecosysbetween specific discharge and nutrient uptake length, we
tem types (e.g., a lake; Arp and Baker, 2007). For exampleuse scaling rules from fluvial geomorphology and hydrology
if streams and rivers have short uptake lengths, on the ordefDodds and Rothman, 2000; Leopold and Maddock, 1953;
of 10-100s of meters, then nutrient transport downstreanRigon et al., 1996) to predict how nutrient uptake length
may be mitigated (Mulholland et al., 2008). The role of small changes along a river continuum.

streams in taking up dissolved nutrients has been well stud-

ied, with > 970 nutrient uptake experiments reported thus far

(Ensign and Doyle, 2006; Tank et al., 2008). We emphasize2 Methods

that the effect of nutrient uptake on downstream transport ) ] o )
depends on the subsequent fate of the nutrient. For examplé;1 Scaling nutrient uptake length from existing studies
uptake may be balanced by mineralization, leaving transpor ) . -
unaffected; it may alter the timing of transport through fluc- {Ne first relate uptake lengtiy, with specific discharge,

tuations in benthic biomass and floodplain storage; it mayQ/w’ where 0 is stream discharge fmin™) and w

alter the form and hence biological availability of nutrients IS average wetted stream width (m). We choose this met-

in transport; and, in the case of denitrification, it may reduce’'® because it enables the calculation of uptake veloaity

Fa— . . .

. . . (mmin~+), a stream size-independent measure of nutrient
downstream transport by releasing nitrogen permanently int . .
the atmosphere P y 9 genp y demand (Stream Solute Workshop, 1990), which can be in-

Nearly all nutrient uptake experiments have been COn_terpreted as d.emand relative to nutrient concentration, and is
ducted in small streams (Tank et al., 2008). Consideringc"’llcuIated as.
how nutrient uptake scales with stream discharge allows an o/w

initial evaluation of the degree to which large streams and’f = “Sw @)
rivers remove nutrients from the water column. Given a lack

of empirical data, researchers have conservatively assumed/e then test how specific discharge relates to nutrient uptake
that nutrient demand is constant throughout a river networkoy scaling uptake length as a function of specific discharge.
(Wollheim et al., 2006). Using a meta-analysis of previously Rearranging Eq. (1),

published data, here we examine how nutrient uptake scales

with stream-specific discharge to both test the assumption of, _ Q/w ©)
constancy by Wollheim et al. (2006) and to begin to predict v

how larger lotic ecosystems might function. We use a scaling

approach whereby we relate uptake length with specific dis> uggests tha,, will increase as) /w increases, whiley

charge, i.e., discharge per unit stream width. An isometric re—WIII decrease with higher biological or chemical demand

lationship (i.e., scaling exponesatl) indicates constant nu- (vr). Thus We propose a nuII.modeI vyhere cqnstamﬂopg a
trient demand as assumed by Wollheim et al. (2006), Whereagradlent of m;:reasmgg / w will result in a scaling prediction
a slope < or > 1 indicates an allometric relationship, and thusPf Sw o (%) , Wherea =1. In other words, given constant
nutrient demand changes with specific discharge. biological demand relative to concentration (measured)as
Although there are many data on how streams cycle eitheacross a range @ / w, Sy should increase at the same rate
inorganic nitrogen (N) or phosphorus (P), fewer studies ex-as Q /w and have a scaling exponent of 1. Using a meta-
amine how these elements cycle together. Cross et al. (2008nalysis of nutrient uptake experiments, we tested if scaling
posited that elemental concentrations of benthic organismgxponents differed from 1 for each of the 3 inorganic solutes
will drive uptake of N relative to P, and if elemental compo- NH], NO;, and SRP.
sition were to change then it would alter the ratio of N vs. P We gathered literature data on nutrient uptake and ambi-
uptake, but this has not been widely tested. Also, while theent nutrient concentrations in streams from recent reviews on
processes that control inorganic N uptake are mainly bioticnutrient spiraling in streams and rivers (Ensign and Doyle,
and include a combination of assimilatory and dissimilatory 2006; Tank et al., 2008) plus other studies published after
processes, those that control inorganic P uptake have an addhese two meta-analyses (Supplement). In addition, we used
tional abiotic component driven by sorption/desorption pro-unpublished data from a stream in Idaho (B. J. Koch, unpub-
cesses with a significant role of suspended particles. Therdished data), a stream in Venezuela (A. S. Flecker et al., un-
fore, we hypothesized that N and P uptake could be decoupublished data), one in Yellowstone National Park (Tronstad
pled, and as such the stoichiometry of nutrient demand mayt al., unpublished data), several streams in New Zealand (J.
vary along a river network. L., Tank, unpublished data), and an urban stream in Laramie,
Here we compare the demand for inorganic N (as ammoWY, (R. O. Hall, unpublished data) for a total of 969 sepa-
nium NHI and nitrate NQ) and inorganic P (as soluble re- rate nutrient uptake experiments. We included streams that
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authors identified as being located in areas of intense hu€ombining Eq. (3) and Eq. (4), uptake length relates with
man activity, such as streams draining agricultural and ur-as
ban catchments, but we analyzed these data separately from 1
less altered streams. Most streams in the data set were rel@ oc Sy ————.
tively small, reflecting the predominance of research carried (1—b)a

out in headwater streams; 90 % of streams in this data seiext we scaled discharge as a function of stream length from
had discharge between 0.002 and 07&nt, with a median  the headwaters. Hack’s law states that the length of a stream

of 0.035n¥ s~1. When individual streams included muItipIe from headwaters to the end of a watershepill scale with
measurements, using R packaggr (Wickham, 2011) we  drainage aread) as

averagedQ /w and Sy, to avoid bias toward streams with

multiple measurements. Our data set includes nutrient adL o Al (6)

ditions using three different solutes, ISIHNOg, and SRP, ) _ _

though all three were not often measured in a single ecosys!t has typically been assumed that discharg@e ¢cales with

tem. watershed area isometrically, but empirical work has demon-
For the scaling regressions we calculated slopes and theftrated that

95% confidence intervals using standardized major axis ¢

(SMA) regression package (S)MATR in R (R Development QoA Y

Core Team, 201_1); SMA regression minimizgs varia_tion in (Galster, 2007). Substituting®* for A and solving gives:

both x and y variables and thus better describes their rela-

tionship when the value of the slope is of biological inter- 1 7 o 0. (8)

est in a symmetrical relationship (Warton et al., 2006). We

also tested how scaling relationships differed between less€ombining Eqg. (5) and Eq. (8) and solving 8y, gives

altered (i.e., reference) and human-altered streams by testing e

if they shared a common slope and intercept (Warton et al. Sy oc L™ 7 9)

2006). These tests are analogous to an SMA analysis of co-

variance, but with different estimation procedures. A slope The variables:, b, ¢, andh are not known with certainty,

difference is estimated based on a likelihood ratio test thatherefore we used a Monte Carlo approach to evaluate the

groups share a common slope; differences in intercept ar€XPression

estimated by comparing a Wald statistic to a chi-square dis- (1— byac

tribution (Warton et al., 2006). To include the effect of con- m = .

centration in controlling variation in uptake length, we used h

multiple linear regression following Hall et al. (2009b). Be- We assume that the parametes normally distributed with

cause of the difference in line fitting between SMA and mul- mean as the estimate of the SMA regression slope and stan-

tiple linear regression, we recognize that the parameter estidard deviation as the standard error (se) of the regression

mates are not directly comparable, but our primary purpose islope ofS,, for all 3 solutes vsQ /w in reference streams

to test the extent to which nutrient concentration contributedonly (see results). We use a channel width expongrigsed

©)

(10)

to variation inSy. on a meta analysis of downstream (as opposed to at-a-station)
) . . hydraulic geometry of channels (Singh, 2003). Often these
2.2 Scaling nutrient uptake with stream length data are collected at bankfull discharge, but there is variation

. . - _ in discharge regime among specific studies such that these
Using the scaling coefficients calculated for}l*lJ-NO3 ,and data are calculated from a wide range @f(Park, 1977).

SRP, we then estimate how uptake length will scale downwe use 38 estimates of worldwide rivers from Singh (2003);

stream from headwaters to a larger river along a river contm-mean was 0.47 and standard deviation was 0.13, and the dis-

uum _(Va_nnote et al,, 1980). We use stream length t9 Oleflnetribution of b included the exponent derived from streams in
position in the network so that we can compare metrics hav-

; ) . ) our data set (0.39). Hack’s constaht,is drawn from stud-
ing the same unit of length. As previously hypothesized, NWies from 13 rivers; mean was 0.55 and standard deviation was

trjent uptake lengthgy) will scale as a function of specific 0.022 (Rigon et al., 1996). Forwe use data from 4 river net-
discharge Q/w) as works withc ~ 0.8 (Galster, 2007); this value ofis likely
0\“ <1 because of unequal distribution of rainfall in the headwa-
Sw <_) ’ ) ter areas of rivers (Galster, 2007), while the mear vfas
wherea is the scaling exponent measured in the above analyp'83 and stqndard _deyiatipn was 0.057. kar, andc, rather
sis. We relate stream width to discharge based on the poweF—han assuming a distribution, we randomly drew values from
‘ . . ) the range of values collected from the literature; we evalu-
law representation of stream hydraulic geometry: atedm 10000 times, and used the median and 5% and 95 %

w o QP (4) quantiles to report variation on possible values.
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Table 1. Parameter estimates and statistics from standardized major axis regressiong optage length{w) vs. log g specific discharge
(Q /w). Clis confidence interval is sample sizer? is goodness of fit.

Solute Landuse Slope) 95% Cl Intercept 9S5%Cl =n r2

NH:lr reference 1.01 0.90, 1.14 241 232,248 111 057
altered 1.20 0.94,1.54 2.65 2.52,2.79 35 0.49

NO5 reference 1.19 101,14 292 279,306 133 0.13
altered 112 0.90, 1.39 3.34 3.15,3.583 65 0.24

SRP reference 1.35 1.18,1.53 255 246,266 102 0.57
altered 1.13 0.63, 2.03 2.67 2.31,3.03 12 0.15

. creased at the same rate. Slopes ofj{l\lllrptake vs.Q/w
o reference using data from human-altered streams were not differ-
ent than those for reference streams, but the intercept was
higher (»=0.0014), suggesting that for equivale@t/ w,
human-altered streams had longer uptake length, i.e., nutri-
ents traveled farther prior to uptake. Constraining the refer-
w0 Y ence streams to the same size as altered streams resulted in
002 0410 050 2.00 10.00 the same finding, i.e., significantly higher intercepts. Includ-
ing concentration an@ /w in a multiple linear regression
model showed that concentration increasSgdTable 2).

Nitrate uptake length scaled withQ/w with a
slope=1.19, and the relationship included more vari-
ation than for NH (Fig. 1, Table 1). In contrast, the
confidence interval for the slope of the relationship did not
include 1, suggesting that &%/ w increased, streams were
less retentive of NQ. Similar to the results for NEi, the
slopes did not differ between reference and human-altered
. . streams p=0.65), but the intercept for human-altered
streams was higher p(=0.0001) by 0.42, suggesting
that uptake lengths averaged 2.6 {49 times longer in
human-altered streams. Adding concentration to a multiple
regression model withD /w increased the goodness of fit,
showing that much of the unexplained variation in N,

ot - vs. Q/w was from variation in concentration (Table 2).
002 010 050 200 10.00 Soluble reactive phosphorus scaled wily w with a slope
Q/w (m?min”) of 1.35, which like that for NQ was > 1, but the relationship
for SRP had much less variation and smaller confidence
(Sw_nH,)» and allometrically for nitrateSy_no,) and soluble re- intervals compared to the other two solutes (Fig. 1, Table 1)..
active phosphorusS(,_sgp as a function of stream-specific dis- For SRP, human—altere_d streams shared the same regression
charge Q/w). Points are data from individual streams and lines are SIOPe ¢ =0.55) and intercept {=0.72) as reference
standardized major axis regression lines fit through the data. Regtreams; however, there were fewer data for SRP uptake in
points are streams with substantial human land use alteration in thBuman-altered streams compared to those for inorganic N
watershed. Black points are reference streams. Parameters for repecies (Table 1). For SRP uptake, there were few reference
gression equations are in Table 1. streams in the same size range as the streams with altered
land use, which limited our analysis; nevertheless, using
similarly sized streams resulted in the same outcome of no
3 Results differences in slope or intercept. Concentration had at best

) ) ) . ... asmall effect on variation in SRP uptake, with a parameter
Ammonium uptake scaled isometrically with specific dis- .nfidence interval including O (Table 2).

charge 0 /w). The relationship had an SMA slope of 1.01 Many streams had uptake length estimates for >1 so-

and a confidence interval including 1 (Fig. 1, Table 1), lute, either for both NE'J and SRP, or both ND and SRP;
demonstrating that a®) /w increased, NE{I uptake in-

500 5000
°
L

NH, uptake length (m)

500 5000

NOj3 uptake length (m)

— T T T T T T T T 1
0.02 0.10 050 2.00 10.00

m)
500 5000

SRP uptake length (

Fig. 1. Nutrient uptake length scaled isometrically for ammonium
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Table 2. Parameter estimates and statistics from multiple linear re-
gression of logg solute uptake lengthn() vs. log g specific dis- =
charge Q/w), logig solute concentration. Confidence intervals ©
(Cl) arer-based ClI from regression standard error. Number of cases
is n and goodness of fit iR2. p values for all parameters are
<0.00001 except for SRP concentration, which pas0.054. Be-
cause of different line-fitting methods, parameters for multiple lin-
ear regression are not the same as for standardized major axis re-
gression.

SW—NH4/SW—SRP

_| ® reference °
® human altered

[ T T T [
0.02 0.10 0.50 2.00 10.00

Solute  Variables Estimate 95%Cl n R2
NH:,rr O/w 0.68 2.00,2.24 144 0.64
concentration 0.36 0.57,0.79
intercept 2.12 0.24, 0.47
NO3 O/w 0.45 0.31,0.59 184 0.32
concentration 0.30 0.21,0.38
intercept 2.44 2.27,2.61
SRP Q/w 1.01 0.84,1.17 112 0.57
concentration 0.13 0.63, 2.03 p
intercept 246  0.00,0.27 et T T

0.02 0.10 0.50 2.00 10.00

Q/w (mmin")

therefore we compared the ratio of inorganic N uptake lengthfig- 2. Ratio of ammonium uptake lengthS{—nH,) and ni-
to SRP uptake lengths across a range of stream sizes. THE!E uptake lengthSl,_no,) to soluble reactive phosphorus up-
ratio of logio NH; to SRP uptake length declined with in- take length w-srp), declined with specific discharge(w)

- NP . where measured in the same stream. Lines are ordinary least
creasing logp (Q/w), indicating that ag) / w increased, the

. . . .. squares for only the reference streamsgp@w—NH, / Sw—srpP)
demand for NH relative to SRP increased (Fig. 2). Simi- — _0.25l0g (Q/w) —0.20 (1 =57, p=0.017,r2=0.082) and

Iarl)f NO; showe_d the same patt(_arn, but the ratip ofidg  jogyq (Sw—NOs / Sw—srP =—0.43logy (Q/w)+0.34 @ =57,
NOj to SRP declined with increasing lgg(Q/w) (Fig. 2). »=0.011,r2=0.094).

The scaling exponent between distance from the headwa-
ters (length) vs. nutrient uptake length (Eq. 10) depended
upon solute type, but was generally near or lower than ltion of stream size (measured @/w) and as distance in-
(Fig. 3). For NHf, the mediannnn, =0.80 with a 5-95%  creases downstream from the headwaters. Nutrient uptake
confidence range of 0.47-1.19 (Fig. 3). A median parametetengths scaled differently with specific discharge such that
estimate of 0.80 gy oc L8%) suggested that uptake length NH; uptake length scaled isometrically (i.e.=1) with
of NH; will increase more slowly as one moves from the @ /w, while uptake lengths for ND and SRP scaled allo-
headwaters downstream (Fig. 4). Nitrate and SRP scaling exmetrically @ > 1), indicating a declining demana{ with
ponents were larger (median @io, = 0.93, 5-95% confi- increasingQ /w. A scaling exponent of 1 is the same as
dence range of 0.58 to 1.39; mediamofrp=1.06, 5-95%  the assumption of constant across a range of stream sizes
confidence range of 0.66 to 1.59) (Fig. 3). These values sugfWollheim et al., 2006), and a constastimplies that larger
gest that uptake lengths of NOand SRP will increase at rivers could strongly contribute to nutrient uptake within a
the same rate as downstream distance from the headwatefiger network (Wollheim et al., 2006). For example, empiri-
(Fig. 4). Estimates ofz within any one solute included a cal data for the Ipswich, MA watershed supported this model
broad range of variation (Fig. 3). Variation in the hydraulic (Wollheim et al., 2008). Other ecosystem processes can also

geometry exponent, (scaling width as a function oD),  vary in a downstream direction. For example, nutrient export
drove much of the variation im because had the highest  from forested watersheds can depend on the size of the wa-
relative variation among the variables in Eq. (10). tershed (Likens and Buso, 2006), and degree of allochthony

may depend on river size (Vannote et al., 1980). Using a scal-
_ . ing framework provides a mechanism for quantifying how
4 Discussion uptake length varies with specific discharg@/(v), and al-
lows us to link nutrient cycling with stream geomorphology
along a stream network. In addition, because nutrient uptake
experiments have been carried out in many streams, we could
rovide a constrained estimate of the scaling exponents.

4.1 Differential uptake of NH}, NO3, and SRP

We have provided a scaling framework to examine how an
ecosystem process such as nutrient uptake can vary as a funp

www.biogeosciences.net/10/7323/2013/ Biogeosciences, 10, 73332013
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| | |
NH, NH,* SRP
2.0 — Isomerri/c;cn!ing Allometric Scaling! Isometric Scaling A/lomerrfcfcah‘ng
15 - - e = S gl
1.0 = \\7
0.5 = i
0.0 I~ Aslengthi Asspeciﬁcdischarge
NO; s e
- - 2.0
2
3 m - 1.5 NV
o - - 1.0 —
o - ~ 0.5
N - 00 S >12m’sec™?
SRP i ‘
2.0 - Fig. 4. Conceptual model demonstrates the relationships between
1.5 o - scaling of uptake lengthS(y) with stream size (measured as spe-
1.0 - cific discharge /w) and stream lengthL() for ammonium (NI—I)
0.5 o and soluble reactive phosphorus (SRR)is uptake velocity, the
0.0 : | | - demand for nutrients relative to concentration.

05 10 15

higher suspended sediment loads. It has been suggested that
Fig. 3. Distribution of the scaling exponent, which relates uptake ~ increased equilibrium SRP concentrations would increase
length of the 3 nutrients with distance from the headwaters. LinesSRP uptake lengths given constant biological demand (Mul-
are kernel densities based on a distribution of 10 000 estimates of holland et al., 1990). Although N]'-|can also sorb to mineral
given uncertainty in parameters used to denivéEg. 9, in text). surfaces, empirical studies show a consistent positive rela-
tionship between uptake velocity and stream biology mea-
sured as reach-scale metabolism (Hall and Tank, 2003; New-
Because streams and rivers are characterized by the unidbold et al., 2006), suggesting that biological demand controls
rectional flow of water, the relationship betwe@yw and  variation in NHf uptake.
relative inorganic N and P demand could be a result of up- Despite similar scaling exponents, the processes regulat-
stream processing (Vannote et al., 1980), which could aling NO3 differed greatly from those of SRP. Isotopic tracer
ter the stoichiometry of nutrients transported downstreamexperiments have shown that most N@ptake is assimi-
(Schade et al., 2005). Additionally, attributes of stream mor-|atory and is coupled to rates of GPP (Hall et al., 2009b),
phology may directly affect nutrient cycling at a local scale, although varying proportions of Npcan be permanently
e.g., increased light availability in a larger (i.e., wider) stream|pst from streams via denitrification (Alexander et al., 2000;
may increase metabolic demand (e.g., algal primary producpulholland et al., 2008). If some fraction of N load is per-
tion) for N (Hall et al., 2009b). Nevertheless, the cycling of manently lost from a stream via denitrification, then NH
NH;, NO;, and SRP must be partially decoupled; differ- 5nq NG may have higher demand relative to SRP in large
ent processes drive the uptake of individual solutes as regyaams. We see this pattern for Wl—but not for NG, and
flected in the differential scaling of I\Q’—|NO3 , and SRP up- the scaling exponent of NDuptake length vsQ /w was

take length .W'th stream size (Fig. 4). TWO. examples of thISsimilar to that of SRP, showing no difference in demand with
solute-specific scaling include (1) the abiotic sorption of SRPincreasingQ Jw

to particles not seen in “leaky” solutes like §Oand (2) the

gaseous loss of vaia microbially-mediated denitrifica- 4.2 Effect of nutrient concentration on scaling
tion that would not directly influence NH

The dynamics of abiotic sorption and desorption to/from Human alteration of streams (e.g., conversion to urban or
fine particles in the water column and benthos may influenceagricultural land use) influenced the scaling of both ;NH
SRP uptake (Meyer, 1979). Despite the role of these abiotiand NG;, not by changing the slope of the relationship,
factors, biota can quickly assimilate phosphorus, as showrbut by increasing the value of the y intercept. Thus human-
from 32P-PQ, tracer studies (Newbold et al., 1983). Given altered streams have proportionally longer uptake lengths,
that sorption/desorption with mineral particles can controlbut similar scaling relationships with specific discharge.
SRP concentrations (Froelich, 1988), changes in mineralfhese results are consistent with research, showing that
characteristics and/or the degree of P sorption may drive thetreams in human-altered landscapes export more nutrients
pattern of reduced demand for SRP as stream size increasgfoyer et al., 2006); however, the relationship is not always
and this effect may be more pronounced in streams withstraightforward. In a study of 69 streams, the effect of human

Biogeosciences, 10, 7323331 2013 www.biogeosciences.net/10/7323/2013/
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land use was to concurrently increase ]\§g due to high  stream flux than a smaller stream. Ensign and Doyle (2006)
NO; concentrations, while simultaneously shorten§agria addressed this question by calculating the number of uptake
augmented rates of photosynthesis (Hall et al., 2009b). How!engths in a stream of a given order as:
ever, when we used all 198 of the streams in this data set, w%. — 1 /Swi (11)
showed a consistent pattern of longer NGptake lengthsin ™ wi
human-altered streams. wherel; is the mean channel length of streams of orier
There were large differences in variability among the so-andSyy; is the respective uptake length. Using uptake length
lute scaling relationships, with NDvarying more than the  as a surrogate for spiraling length, can be interpreted as
other 2 solutes. We suggest that this variability resultedthe number of nutrient cycles completed within therder
from highly variable NQ concentrations, which can vary segment. Based on a meta-analysis of empirically measured
by >1, and that this variation in concentration strongly uptake lengths, Ensign and Doyle foundo be more or less
regulatesS,, (Hall et al., 2009b). Linear models ¢ vs. uniform over orders 1-4, with variable results (based on rel-
NO; concentration and? /w had higher goodness of fit atively few measurements) for the 5th order. We show here
than those forQ /w alone, showing that concentration ex- that the uniformity ofp; over stream order is predicted by
plained some of the variation in NG,,. Concentration also  isometric scaling of uptake length of NGand SRP with dis-
explained some variation in NHuptake, but with less of an  tance from the headwaters.

increase in goodness of it relative to that for NGFinally, Because streams increase their size within an order, we can
SRP concentration explained little additional variation andconsider the increase continuously:

the confidence interval of the parameter included 0, suggest- dL

ing that variation in ambient concentration was a relativelydp = Sw(@)’ (12)

unimportant control on SREB,,. _ ) )
where Sw(L) is uptake length changing as a function of

stream length. For isometric scalinjy (L) = o L, wherea

5 Scaling uptake length with stream distance is a constant. Substituting into Eq. (2) yields
downstream from headwaters dL
o

For all 3 solutes, the exponemt, for scaling uptake length
with distance,L, from headwaters, was near 1 (0.80-1.06, To obtain the number of cycles in a reach of ordewe inte-
Fig. 3), but less than the respective exponenfor scaling  grate over the mainstem length from the end of oidef. to
with stream size @ /w). Thus, Sy, for NH scaled allomet-  the end of ordei:

rically with L (m =0.80) while scaling isometrically with /Li 1/L,- d. 1 ( L )

L1 (14)

(0/w) (a=1). In contrast,S,, for nitrate and SRP scaled pi = dp=— 7= —In
isometrically withL (m =0.93 and 1.06, respectively) while Liza *J Lz ¢
scaling allometrically withQ /w (a = 1.19 and 1.35, respec- If we takeL;_; as the average length of streams of ondér
tively) (Fig. 4). For the allometric scaling, the downstream within the basin, then the ratib; / L;_1 is Horton’s (Horton,
increase inSy, is less than proportional th, while for the  1945) length ratio, which he showed to be uniform across
isometric scalingSy, increases linearly witlk.. stream order. Thus, for isometric scaling, the number of cy-
Much of the variation in the scaling exponent, was due  cles (or spirals), and hence the nutrient uptake as a fraction
to variation in the scaling exponeatfor downstream hy-  (or multiple) of the downstream flux, is expected to be the
draulic geometry. This exponent had a coefficient of variationsame for large streams as for small streams, in agreement
of 0.27, which was 3 times higher than for the other vari- with Ensign and Doyle’s (2006) empirical result. Note that
ables in Eg. (10). We emphasize that this variatiomidoes  although the length ratio is expressed using full mainstem
not represent uncertainty in the average estimata, difut lengths (as did Horton originally), the result applies to a
rather absolute variation in the scaling of hydraulic geometryStrahler-order segment (Strahler, 1952), i.e., measured from
among watersheds. Thus, scaling predictions for a specifithe confluence of two lower (Strahler) order segments. Mea-
watershed should quantify the downstream hydraulic geomsured across a drainage network, the two systems yield nearly
etry of rivers in that particular watershed as first suggesteddentical length ratios (Scheidegger, 1968).
by Wollheim et al. (2008). Although we showed how nutrient uptake scaled across
Our simple model has shown that uptake length increasea range of stream sizes, these scaling exponents should not
in the downstream direction either proportionately (isomet-be extrapolated to large rivers without further empirical data
rically) or less-than-proportionately (allometrically) to dis- collection (Tank et al., 2008). Although our analysis included
tance from the headwaters. Uptake length is the ratio of thea range of streams that varied 30 000-fold in discharge, we
downstream flux of a nutrient to its uptake per unit distancestill lack data from rivers. The largest stream in our analy-
(Newbold et al., 1981), raising the question of whether asis, Lower Kuparuk River, Alaska (18%s8™1) is about 100-
larger stream takes up a greater or lesser fraction of its downfold smaller than the median discharge of river basins in
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North America (1930 fis~1; Allan and Benke, 2005). Me- Ensign, S. H. and Doyle, M. W. Nutrient spiraling in
dian stream discharge in our data set was 0.035th re- streams and river networks, J. Geophys. Res., 111, G04009,
flecting the emphasis and historical focus that ecologists have d0i:10.1029/2005JG000112006.
placed on small headwater streams, both because they are ifito€lich, P.: Kinetic control of dissolved phosphate in natural rivers
portant with regard to their potential for nutrient uptake and "’L‘!”d eftuoanes -a %gmgzgo%égelgg%sphate buffer mechanism,
transformation (Mulholland et al., 2008), and because it is__ "0 ©C€anogr., 33, 549-508, 1986, .
far more tractable to experimentally measure nutrient uptakeGalster, J. C.: Natural and anthropogenic influences on the scaling
of discharge with drainage area for multiple watersheds, Geo-

in small streams than large rivers (Tank et al., 2008). Given sphere, 3, 260-271, 2007.

the empirical data available, our scaling approach assumesa|| R. 0. and Tank, J. L.: Ecosystem metabolism controls nitro-
that rivers will act like large streams, yet we suggest that gen uptake in streams in Grand Teton National Park, Wyoming,
scaling relationships for small streams will not necessarily Limnol. Oceanogr., 48, 1120-1128, 2003.
hold for rivers because of the addition of potamoplankton toHall, R. O., Baker, M. A., Arp, C. D., and Koch, B. J.: Hydrologic
biological processes in rivers, higher sediment loads, larger control of nitrogen removal, storage, and export in a mountain
floodplains, higher nutrient concentrations, and the influence stream, Limnol. Oceanogr., 54, 2128-2142, 2009a.
of human-altered hydrology, e.g., dams. Thus, the processegall R. O., Tank, J. L., Sobota, D. J., Mulholland, P. J., O'Brien,
that control nutrient uptake in streams, i.e., uptake dominated J- M. Dodds, W. K., Webster, J. R., Valett, H. M., Poole, G. C.,
by benthic biofilms (Tank et al., 2000), or hyporheic stor- " ctrson. B. J., Meyer, J. L., McDowell, W. H., Johnson, S. L.,
age (Hall et al., 2009a), may not apply to rivers that may ex- Hamilton, S. K., Grimm, N. B., Gregory, S. V., Dahm, C. N.,
2 N o . . Cooper, L. W,, Ashkenas, L. R., Thomas, S. M., Sheibly, R. W.,
hibit fundamentally different patterns and drivers of nutrient

: ) - o Potter, J. D., Niederlehner, B. W., Johnson, L. T., Helton, A. M.,
cycling. Data for reach-scale nutrient cycling rates in rivers Crenshaw, C. M., Burgin, A. J., Bernot, M. J., Beaulieu, J. J., and
await further investigation.

Arango, C. P.: Nitrate removal in stream ecosystems measured by
15N addition experiments: total uptake, Limnol. Oceanogr., 54,
653—-665, 2009b.

Horton, R. E.: Erosional development of streams and their drainage
basins; hydrophysical approach to quantitative morphology,
Geol. Soc. Am. Bull., 56, 275-370, 1945.

Kratz, T. K., Webster, K. E., Bowser, C. J., Magnuson, J. J., and
Benson, B. J.: The influence of landscape position on lakes in
northern Wisconsin, Freshwater Biol., 37, 209-217, 1997.
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