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 16 
Abstract. Many studies in ecohydrology focusing on hydrologic transport argue that longer residence times across a 17 

stream ecosystem should consistently result in higher biological uptake of carbon, nutrients, and oxygen. This 18 

consideration does not incorporate the potential for biologically mediated reactions to be limited by stoichiometric 19 

imbalances. Based on the relevance and co-dependences between hydrologic exchange, stoichiometry, and 20 

biological uptake, and acknowledging the limited amount of field studies available to determine their net effects on 21 

the retention and export of resources, we quantified how microbial respiration is controlled by the interactions and 22 

supply of essential nutrients needed (C, N, P) in a headwater stream in Colorado, USA. For this, we conducted two 23 

rounds of nutrient experiments, each consisting of four sets of continuous injections of Cl- as a conservative tracer, 24 

resazurin as a proxy for aerobic respiration, and one of the following nutrient treatments: a) N, b) N+C, c) N+P, and 25 

d) C+N+P. Nutrient treatments were considered as known system modifications to alter metabolism, and statistical 26 

tests helped identify the relationships between hydrologic transport and respiration metrics. We found that as 27 

discharge changed significantly between rounds and across stoichiometric treatments, a) transient storage mainly 28 

occurred in side pools along the main channel and was proportional to discharge, and b) microbial respiration 29 

remained similar between rounds and across stoichiometric treatments. Together, our results indicate that residence 30 

time alone could be a weak predictor of stream respiration due to the relevance of local and dynamic variations in 31 

stoichiometric conditions. 32 

1 Introduction  33 

High biochemical processing rates in streams and rivers occur at locations and times where the dynamic 34 

interconnections among hydrologic exchange, residence time, nutrient supply, and microbial biomass combine to 35 

form optimum conditions for metabolic activity (i.e., the transformation of nutrients, carbon, and oxygen or another 36 
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electron acceptor into energy and biomass). The exchange of water between the main channel and transient storage 37 

zones, where most microbes exist, is the primary mechanism supplying carbon, nutrients, and oxygen to 38 

metabolically active zones (Gooseff et al. 2004; Covino et al. 2010b, 2011; Knapp et al. 2017; Gootman et al. 39 

2020). The extent of water exchange controls the residence time of solutes (Drummond et al., 2012; Gomez et al., 40 

2012; Patil et al., 2013), their chemical signatures (Covino and McGlynn 2007), as well as the microbial 41 

composition and their metabolic functioning (Blume et al. 2002; Navel et al. 2011; Li et al. 2020). Exchange 42 

patterns are influenced by geomorphologic conditions (Kasahara and Wondzell 2003; Cardenas et al. 2004; Gooseff 43 

et al. 2005; Emanuelson et al. 2022), hydrologic conditions (i.e., discharge and surrounding water table 44 

configuration) (Gooseff et al. 2005; Wondzell 2006; Ward et al. 2013; Ward and Packman 2019), and even biofilm 45 

growth (Battin et al. 2003; Wen and Li 2018). The spatiotemporal variability in exchange processes and resource 46 

availability (e.g., seasonal variations in nutrient loads) create heterogeneous hydrologic and biogeochemical 47 

gradients across space and time, within which ecosystem metabolism occurs (Mulholland et al., 1985; Mulholland & 48 

Hill, 1997).  49 

To date, studies with a focus on hydrologic transport argue that longer residence times across a stream 50 

ecosystem should consistently result in higher biological demand for carbon, nutrients, and oxygen (Valett et al. 51 

1996; Gooseff et al. 2005; Wondzell 2006; Gomez et al. 2012; Zarnetske et al. 2012; Ward et al. 2013; Li et al. 52 

2021), not fully incorporating the potential for biologically mediated reactions to be limited by stoichiometric 53 

imbalances. Ecological stoichiometry is the notion that biota balances the consumption of nutrients with energy 54 

requirements. Redfield (1934) noted that marine phytoplankton generally contained a ratio of C:N:P of 106:16:1 in 55 

their biomass, and these ratios are similar to those available in their environment. This “Redfield ratio” suggests that 56 

an ecosystem requires an optimal distribution of available nutrients to flourish and has been used as a guide for 57 

many other environmental stoichiometry studies. In a study of streams across eight biomes, Dodds et al. 58 

(2004) noted that N retention depends in part on the C:N ratio of organic matter in streams and suggested that shifts 59 

in these state ratios likely influence N retention.  60 

The net effect of supply and demand of resources can be explored with the non-dimensional Damköhler 61 

number, Da (Harvey et al. 2013; Pinay et al. 2015; Krause et al. 2017; Ocampo et al. 2020), which quantifies the 62 

ratio of transport (i.e., supply) to biological uptake (i.e., demand) timescales along flow paths (Oldham et al. 2013; 63 

Liu et al. 2022). Similar to any other non-dimensional number, Da offers simplicity and objectivity for inter-site and 64 

intra-site comparisons. Da has been used to provide insight into the factors limiting the supply and demand of 65 

resources (Harvey et al. 2005), as values of Da~ 1 define a balance between transport and uptake time scales, which 66 

theoretically result in maximal resource retention. Accordingly, where or when Da << 1, i.e., the uptake timescale is 67 

much greater than the transport timescale, uptake is suboptimal, and it is referred to as reaction limited because even 68 

though resources became available through hydrologic exchange, they were not fully taken up (i.e., assimilated). 69 

Conversely, where or when Da >>1, i.e., the transport timescale is much greater than the uptake timescale, resources 70 

become scarce or transport-limited, and biologically inactive subregions start to develop (González-Pinzón and 71 

Haggerty 2013; Harvey et al. 2013; Gootman et al. 2020). While Da captures essential components of the potential 72 

interactions between the supply and demand of ecologically relevant resources, it does not explicitly capture the role 73 
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of stoichiometric limitations on the supply (i.e., C:N:P ratios in water fluxes) and demand (C:N:P biomass 74 

composition and needs) of resources. This is mainly because Da numbers are estimated from solute-specific mass 75 

balances, which inform transport and reaction timescales for one resource at a time (e.g., only N), in isolation of 76 

other stoichiometrically relevant resources that can become limiting factors (e.g., C and P).  77 

Based on the relevance and co-dependences between hydrologic exchange, stoichiometry, and biological 78 

uptake, and the limited amount of field studies available to determine their net effects on the retention and export of 79 

resources, we sought to quantify how metabolic activity is controlled by the interactions and supply of essential 80 

nutrients (C, N, P). More specifically, we tested if variations in stoichiometric conditions can induce metabolic 81 

limitations at which residence time alone becomes a weak predictor of stream respiration. We addressed the 82 

following research question: How is microbial respiration controlled by hydrologic exchange vs. stoichiometric 83 

conditions (i.e., supply of C, N, and P)? We hypothesized that aerobic respiration would be maximized when 84 

nutrient supply and demand were nearly balanced for a given hydrologic condition. To test this, we conducted a 85 

repeated set of stream tracer injections in Como Creek, a mountain stream in Colorado, USA, varying stream C 86 

(acetate; sensu Baker et al., 1999), N (NaNO3), and P (KH2PO4) concentrations to manipulate stoichiometry and 87 

nutrient supply. We repeated experiments under different flow conditions to quantify the tradeoffs between supply 88 

(transport and delivery of nutrients), and demand (microbial respiration). We tested for statistical relationships 89 

between hydrologic transport metrics and respiration metrics using the resazurin-resorufin tracer system (González-90 

Pinzón et al., 2012; Knapp et al., 2018) and contextualized our findings within the framework of the Damköhler 91 

number.   92 

2 Methods 93 

2.1 Site Description 94 

Our research experiments were conducted in Como Creek, a forested pool and riffle stream in Colorado, 95 

USA. Como Creek is a tributary to Boulder Creek, with land cover consisting of approximately 20% alpine 96 

meadow-tundra and 80% conifer forest. The study reach drains a 5.4 km2 catchment, with elevations ranging from 97 

2895-3557 m and a mean average precipitation of 883 mm/y (Ries III et al. 2017; Emanuelson et al. 2022). Como 98 

Creek has a snowmelt-driven hydrograph with stream discharges ranging from 1-98 L/s and features short-lived 99 

increases in discharge during the monsoon season between July and August (Figure 1). The study reach is a multi-100 

thread channel with substrate ranging from small gravel to bedrock. Additionally, the channel has an average width-101 

to-depth ratio of 11.5, a sinuosity of 1.1, and an average longitudinal slope of 21% (Natural Resources Conservation 102 

Service). 103 

 104 
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 105 
Figure 1. A) Location of Como Creek watershed in Colorado, B) detailed map of the watershed where Sites A and B are 106 
50 and 350 m downstream from the injection location, and C) hydrograph and timing of experimental work; each round 107 
of experiments consisted of four treatments featuring N, N+C, N+P, and C+N+P nutrient additions.  108 
 109 

2.2 Stream tracer injection experiments 110 

We conducted two rounds of experiments, each consisting of four sets of continuous injections (lasting ~ 4-111 

7 h) of Cl- as a conservative tracer, resazurin (referred to as Raz hereafter) as a proxy for aerobic respiration, and one 112 

of the following nutrient treatments: a) N, b) N+C, c) N+P, and d) C+N+P. In our study, the nutrient treatments are 113 

treated as known system modifications (control variables) to alter metabolism. Also, we use the transformation of 114 

Raz, which occurred at the same spatiotemporal scales of the nutrient additions, to calculate how changes in 115 

stoichiometric conditions and discharge affect respiration. Briefly, the reactive tracer Raz (blue in color) is 116 

irreversibly reduced to resorufin (Rru, red) under aerobic respiration, and the relationship between Raz 117 

transformation and oxygen consumption is linear (González-Pinzón et al. 2012, 2014, 2016; Knapp et al. 2018; 118 

Dallan et al. 2020). Table 1 shows the masses injected and the discharges observed during the studies. Note that we 119 

allowed the stream to return to ambient concentrations for one day after each set of injections.  120 

 121 
Table 1. Tracer injection data for each round of experiments at Como Creek. 122 

Date Treatment 
Discharge 

(L/s) 

Start 

time 

End 

time 

NaCl 

(g) 

KNO3 

(g) 

KPO4 

(g) 

Sodium 

Acetate 

(g) 

Raz 

(g) 

Round 1 

6/26/18 N 74 11:30 17:00 32653 502 - - 150 

6/28/18 N+C 61 10:08 14:10 32680 500 - 2000 150 

6/30/18 N+P 53 10:00 17:00 32680 500 400 N/A 150 

7/2/18 C+N+P 49 9:59 14:00 32680 500 400 2000 150 

Round 2 

7/17/18 N 20 10:30 14:35 10000 100 - - 30 

7/19/18 N+C 17 10:00 13:59 10000 100 - 400 30 

7/21/18 N+P 17 10:00 14:06 10000 100 80 - 30 

7/23/18 C+N+P 25 9:30 13:35 10000 100 80 400 30 

 123 
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 We collected 20 mL aliquots in each tracer injection 50m and 350m downstream of the injection site 124 

(labeled Sites A and B, Figure 1) to generate tracer breakthrough curves (BTCs) for Raz. All samples were filtered 125 

immediately after being collected using a 0.7 µm GF/F filter (Sigma-Aldrich) and kept on dry ice during transport 126 

until they were frozen at -4oC for laboratory analysis for Raz concentrations. All analyses took place within a week 127 

after the end of each round of injections. At the laboratory, each sample was buffered to a pH of 8.5 (1:10 buffer-to-128 

sample) following Knapp et al. (2018). The fluorescence signals were measured with a Cary Eclipse Fluorescence 129 

Spectrophotometer (Agilent Technologies) using excitation/emission wavelengths of 602/632 nm for Raz and 130 

571/584 nm for Rru and converted to concentrations based on an 8-point calibration curve (R2=0.99).   131 

2.2 Conservative transport modelling and metrics 132 

We calibrated the conservative transport parameters of the transient storage model presented in Equations 1 133 

and 2 using Cl- and streamwater electrical conductivity data observed at Sites A and B. For this, we used the Matlab 134 

(The Mathworks Inc., Natick, Massachusetts) script from Knapp et al. (2018), which features a joint calibration of 135 

conservative and reactive solutes through a non-linear, least squares optimization routine. 136 

 137 

𝜕𝑐

𝜕𝑡
= −𝑢

𝜕𝑐

𝜕𝑥
+ 𝐷

𝜕2𝑐

𝜕𝑥2
−
𝐴𝑠
𝐴

𝜕𝑐𝑡𝑠
𝜕𝑡

+ 𝑞𝑖𝑛𝑐 − 𝜆𝑚𝑐𝑐  
 

(1) 

𝜕𝑐𝑡𝑠
𝜕𝑡

= 𝑘(𝑐 − 𝑐𝑡𝑠) − 𝜆𝑡𝑠𝑐𝑡𝑠   
(2) 

 138 

where 𝑐 [ML-3] and, 𝑐𝑡𝑠  [ML-3] are the concentrations in the main channel and aggregate transient storage zone; 𝑥 139 

[L] is the distance of the study reach; 𝑡 [T] is time; 𝑢 [LT-1] and 𝐷 [L2T-1] are parameters representing advective 140 

flow velocity and dispersion coefficient, respectively; 𝑞𝑖𝑛 [T-1] is a volumetric flux parameter accounting for lateral 141 

inputs; 𝑘[𝑇−1] is the first-order mass transfer rate coefficient parameter between the main channel and the aggregate 142 

transient storage zone; 𝐴𝑠/𝐴 [−] is the capacity ratio parameter representing the relative contribution of transient 143 

storage-dominated to advection-dominated compartments in the stream, represented as areas along the reach; and 144 

𝜆𝑚𝑐 and 𝜆𝑚𝑐 [T
-1] are processing-rate coefficients in the main channel and transient storage zones (equaling zero for 145 

a conservative tracer). 146 

 We estimated conservative transport timescales from the transport parameters to describe the transient 147 

storage timescale, 𝜏𝑠𝑧 = 1/𝑘 [T], and the mean travel time between sites A and B, 𝜏 [T], which was computed as:   148 

 149 

𝜏 =
𝑚1,𝑐𝑙

𝑚0,𝑐𝑙

 (3) 

𝑚𝑛 =∑(
𝑡𝑖 + 𝑡𝑖+1
2

)
𝑛

(
𝐶𝑖 + 𝐶𝑖+1

2
) (𝑡𝑖+1 − 𝑡𝑖)

𝑟

𝑖=1

 
(4) 

where 𝑚0,𝑐𝑙 and 𝑚1,𝑐𝑙 are the zeroth and first-centralized temporal moments of the Cl- BTCs from each sampling 150 

site, 𝑖 is a time index, 𝑟 is the total number of samples available in a BTC. 151 
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2.3 Estimating the transformation of Raz as a proxy for microbial respiration: 152 

 We used the net transformation rate coefficients of Raz, 𝜆𝑅𝑎𝑧  [T-1], as a proxy for microbial respiration 153 

(González-Pinzón et al. 2012, 2014, 2016; Knapp et al. 2018; Dallan et al. 2020), and estimated them following the 154 

work by González-Pinzón and Haggerty (2013), which derived algebraic relationships to calculate processing rate 155 

coefficients from the transient storage model presented here in Equations 1 and 2:  156 

 157 

𝜆𝑅𝑎𝑧 = 𝜆𝑚𝑐𝑅𝑎𝑧 + 𝜆𝑡𝑠𝑅𝑎𝑧 =
ln (𝑚0,𝑅𝑎𝑧

𝑖𝑛𝑗
/𝑚0,𝑅𝑎𝑧

𝐵𝑇𝐶 )

𝜏
 

(

 
 
1 +

ln (𝑚0,𝑅𝑎𝑧
𝑖𝑛𝑗

/𝑚0,𝑅𝑎𝑧
𝐵𝑇𝐶 )

𝑃𝑒

⏞          
𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛 𝑡𝑒𝑟𝑚,Φ

)

 
 

 (5) 158 

where 𝑚0,𝑅𝑎𝑧
𝑖𝑛𝑗 = 𝑀𝑅𝑎𝑧/𝑄 is the zeroth temporal moment of Raz at the injection site [M L-3 T-1], 𝑀𝑅𝑎𝑧  is the mass of 159 

Raz added to the injectate, 𝑄 is the stream discharge [L3T-1]; 𝑚0,𝑅𝑎𝑧
𝐵𝑇𝐶  is the dilution-corrected zeroth temporal 160 

moment of Raz estimated with BTC data from a sampling site; and 𝑃𝑒  =  𝐿 𝑢/𝐷 is the Peclet number [-], which 161 

describes the relative importance of advection and dispersion in the system. In the work by González-Pinzón and 162 

Haggerty (2013), the use of zeroth temporal moments implied that only one processing-rate coefficient could be 163 

estimated from every observed BTC available. However, using the conceptual principles proposed in the Tracer 164 

Addition for Spiraling Curve Characterization (TASCC) framework (Covino et al. 2010b), multiple rate coefficients 165 

can be estimated from an equivalent version of Equation 5.  166 

Briefly, TASCC uses the dynamic range of solute concentrations sampled in BTCs to characterize uptake 167 

kinetics from ambient to saturation concentrations. In TASCC, the ratio of reactive to conservative solute 168 

concentrations for every independent sample across the tracer BTCs is compared to the ratio of the concentrations of 169 

the injection solution to determine uptake metrics. If the added solutes are non-limiting or non-reactive, they will 170 

transport conservatively, and the ratio of the reactive to conservative solute concentrations will remain constant. 171 

Alternatively, if the added solutes are limiting, co-limiting or reactive, they will not transport conservatively, and the 172 

ratio of the reactive to conservative solute concentrations will change over time as a function of reactivity.  173 

To incorporate the TASCC framework into the algebraic equation developed by González-Pinzón and 174 

Haggerty (2013) and estimate transformation rate coefficients for Raz from each pair of conservative (i.e., 𝐶𝑐𝑜𝑛𝑠.) 175 

and reactive tracer concentrations (i.e., 𝐶𝑅𝑎𝑧), we need to replace 𝑚0 with 𝐶𝑅𝑎𝑧/𝐶𝑐𝑜𝑛𝑠. This guarantees that the mean 176 

value of all the processing-rate coefficients is equal to the processing-rate coefficient estimated from the zeroth 177 

temporal moment analysis of model-derived simulations from Equations (1) and (2). Accordingly: 178 

 179 

𝜆𝑅𝑎𝑧,𝑠𝑎𝑚𝑝𝑙𝑒  =
ln[

𝐶𝑅𝑎𝑧
𝐶𝑐𝑜𝑛𝑠.

 ]
𝑖𝑛𝑗
−ln[

𝐶𝑅𝑎𝑧
𝐶𝑐𝑜𝑛𝑠.

 ]
𝐵𝑇𝐶

𝜏

(

 
 
1 +

ln[
𝐶𝑅𝑎𝑧
𝐶𝑐𝑜𝑛𝑠.

 ]
𝑖𝑛𝑗
−ln[

𝐶𝑅𝑎𝑧
𝐶𝑐𝑜𝑛𝑠.

 ]
𝐵𝑇𝐶

𝑃𝑒

⏞              
𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛 𝑡𝑒𝑟𝑚,Φ

)

 
 

.  (6) 180 
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 Equation 6 directly links different transport mechanisms used to explain the transport and fate of solutes 181 

(i.e., advection, dispersion, transient storage, and reactivity) with TASCC, an algorithm yielding higher information 182 

content from experimental work. We note here that alternative forms of Equation 6 can be derived for solute 183 

transport models, including additional reactions such as sorption and production. Therefore, similar new equations 184 

could be derived to provide mechanistic explanations to TASCC-related findings noticing hysteresis behavior in 185 

nutrient uptake between the rising and falling limbs of experimental BTCs (Gibson et al. 2015; Trentman et al. 186 

2015; Rodríguez-Cardona et al. 2016; Brooks et al. 2017; Day and Hall 2017). 187 

Finally, from each transformation rate coefficient 𝜆𝑅𝑎𝑧,   𝑠𝑎𝑚𝑝𝑙𝑒, we also estimated an uptake (or mass 188 

transfer) velocity of Raz,  𝑉𝑓𝑅𝑎𝑧,𝑠𝑎𝑚𝑝𝑙𝑒
= 𝜆𝑅𝑎𝑧,𝑠𝑎𝑚𝑝𝑙𝑒 ∙ ℎ, where  ℎ is the mean depth of the stream. Following 189 

Ensign and Doyle (2006), uptake velocities represent the vertical velocity of solute molecules through the water 190 

column towards the benthos and are typically used in stream ecology to normalize processing-rate coefficients by 191 

the influence from contrasting discharge magnitudes to facilitate the comparison of results from small streams and 192 

large rivers.  193 

2.4 Statistical tests 194 

We calculated standard deviations (std) based on repeated measures of the distribution of the transport 195 

parameters of Equations 1 and 2 to create upper and lower boundaries of the uncertainties in our measurements (i.e., 196 

mean ± std). Because our data were not normally distributed, we used the Mann-Whitney U nonparametric statistical 197 

test to determine if there were statistically significant differences between nutrient treatments across rounds (e.g., N 198 

vs. N in rounds 1 and 2), following a similar procedure in Ensign and Doyle (2006). For the Mann-Whitney U test, 199 

we set our significance level (𝛼, alpha) equal to 0.05.  200 

 We explored the Pearson correlation coefficient (r) matrix between the transport parameters of Equations 1 201 

and 2, and associated metrics, to establish direct (r >0.1), inverse (r <-0.1), and non-existent correlations (-0.1< r 202 

<0.1) (Bowley 2008). We classified the strength of the correlations as uncorrelated (0< r <|0.1|), weakly correlated 203 

(|0.1|< r <|0.5|), moderately correlated (|0.5|< r <|0.8|), strongly correlated (|0.8|< r <|1.0|), and included p-values for 204 

each correlation.   205 

Lastly, we tested differences in mean values of the transport parameters of Equations 1 and 2, and 206 

associated metrics, between nutrient treatments within each experimental round (e.g., N vs. N+C vs. N+P vs. 207 

C+N+P in round 1) using the Student's t-test based on deviation from the group's mean value (Blair et al. 1980). 208 

3 Results and Discussion 209 

3.1 Conservative transport and metrics of physical controls 210 

Between experimental rounds 1 and 2, stream depth (ℎ) and discharge (𝑄) decreased, causing significant 211 

differences in stream velocity (𝑢), dispersion (𝐷), mass-transfer rate coefficients (𝑘), transient storage time scales 212 
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(𝜏𝑇𝑆) and mean travel times (𝜏) (Figure 2). The only parameter that did not show significant differences was the 213 

relative contribution of the main channel to storage zone areas, 𝐴𝑠/𝐴.  214 

 215 

 216 
Figure 2. Conservative transport parameters and metrics of physical controls estimated for the two experimental rounds: 217 
stream depth (𝒉), stream velocity (𝒖), dispersion (𝑫), mass transfer rate coefficients (𝒌), the ratio of transient storage-218 
dominated to advection-dominated compartments (𝑨𝒔/𝑨 ), transient storage time scales (𝝉𝑻𝑺) and mean travel times (𝝉). 219 
Asterisks represent statistical differences in magnitudes for rounds 1 and 2 with p<0.05 (*) based on the Mann-Whitney U 220 
nonparametric statistical test. 221 
 222 
 The correlation matrix between parameters and metrics (Figure 3) shows that 𝑄 (and interrelated quantities 223 

ℎ and 𝑢), 𝐷, and 𝜏𝑡𝑠 were all directly correlated (from moderately to strongly). Mean travel times between sites, 𝜏, 224 

were directly and weakly correlated with 𝑘 and the ratio 𝐴𝑠/𝐴, and inversely correlated (from weakly to strongly) 225 

with the rest of the conservative transport parameters and metrics. Finally, the ratio 𝐴𝑠/𝐴 was generally uncorrelated 226 

or weakly correlated with other quantities. Even though the correlations of some interdependent quantities are 227 

known to be spurious, e.g., 𝑄 vs. 𝑢 and 𝜆𝑅𝑎𝑧  vs. 𝑉𝑓𝑅𝑎𝑧  (González-Pinzón et al. 2015), we included all relevant 228 

measured and modeled quantities in Figure 3 to allow readers to explore different data pairs. For clarity, we 229 

differentiate with brackets all known spurious correlations. Note that we did not flag the correlation between 𝐴𝑠/𝐴 230 

and 𝑄 (and their interrelated quantities ℎ and 𝑢) as spurious because the ratio of areas is an indicator of the relative 231 

volume-based contribution from advection-dominated to transient storage-dominated compartments, instead of 232 

actual estimates of cross-sectional areas (Kelleher et al. 2013; González-Pinzón et al. 2013; Knapp and Kelleher 233 

2020).  234 

 235 
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 236 
Figure 3. Pearson correlation coefficient (r) heatmap for the mean values of the transport parameters and metrics for 237 
each stoichiometric treatment during rounds 1 and 2. Brackets link known spurious correlations. Asterisks represent 238 
significant differences in magnitudes between parameters with p<0.05 (*), and p<0.001(***) based on the Pearson 239 
Correlation. 240 
 241 

One of the metrics of interest in stream reactive-transport modeling is the transient storage timescale (𝜏𝑡𝑠 =242 

1/𝑘), which quantifies the exposure that solutes have to biological communities in metabolically active transient 243 

storage zones. In our study site, 𝜏𝑡𝑠 decreased one order of magnitude from round 1 to round 2, and were comparable 244 

to the range of values observed in other studies involving forested mountain streams (Valett et al. 1996; Hall et al. 245 

2002). Due to the geomorphology of the stream, which is characterized by steep longitudinal and valley slopes, pool 246 

and riffle sequences, and shallow bedrock, transient storage was expected to occur mainly in the main channel 247 

(Fields and Dethier 2019; Barnhart et al. 2021; Emanuelson et al. 2022). As flow receded from round 1 to round 2, 248 

we observed the disconnection of in-stream pools contributing to transient storage, which explains the direct 249 

correlation between discharge and transient storage timescales. Another indication of the dominant contribution of 250 

in-stream pools to total transient storage is the lack of change of 𝐴𝑠/𝐴 with discharge, which suggests that the 251 

contribution of transient storage-dominated (i.e., 𝐴𝑠) and advection-dominated compartments (i.e., 𝐴) varied 252 

proportionally over changes in discharge. 253 
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3.2 Raz transformation (a proxy for respiration) as a function of physical controls 254 

Our results indicate that the transformation of Raz (𝜆𝑅𝑎𝑧) was directly and moderately correlated with the 255 

transient storage timescale (𝜏𝑡𝑠), as other studies on reactive transport have shown (Valett et al. 1996; Hall et al. 256 

2002; Gomez et al. 2012; Zarnetske et al. 2012; Kiel and Bayani Cardenas 2014; Gootman et al. 2020). The mean 257 

values of 𝜆𝑅𝑎𝑧  were directly and weakly correlated with discharge (𝑄) (also depths ℎ and velocities 𝑢) and 258 

dispersion (𝐷), and directly and moderately correlated with 𝜏𝑡𝑠. The transformation rate coefficient of Raz (𝜆𝑅𝑎𝑧) 259 

values were inversely and weakly correlated with mean travel times (𝜏), and inversely and moderately correlated 260 

with mass-transfer rate coefficients (𝑘) (Figure 3). Raz uptake velocities (𝑉𝑓𝑅𝑎𝑧) showed spurious, direct and strong 261 

correlations with discharge (𝑄) (also ℎ and 𝑢), strong correlations with dispersion (𝐷) and transient storage 262 

timescales (𝜏𝑡𝑠), and strong indirect correlations with mean travel times (𝜏) and 𝑘 (moderate). Finally, both 𝜆𝑅𝑎𝑧  and 263 

𝑉𝑓𝑅𝑎𝑧 were uncorrelated with 𝐴𝑠/𝐴. Unlike studies where an increased transient storage timescale (𝜏𝑡𝑠) is mainly 264 

associated with slower hyporheic flows due to lower discharges (𝑄) (Zarnetske et al. 2007; Schmid et al. 2010), 𝜏𝑡𝑠 265 

in our study site increased with 𝑄 because the geomorphology of the channel and the valley favored in-stream 266 

transient storage in pools (Jackson et al. 2012, 2013, 2015), and the metabolically active biofilms available there 267 

may have prompted the transformation of Raz (Haggerty et al. 2014; Peralta-Maraver et al. 2018). Consistently, 268 

when stream flows recede in these types of streams, the subsequent disconnection of parts of the channel causes a 269 

decline in transient storage and metabolism (Covino et al. 2010a; Emanuelson et al. 2022). Hall et al. (2002) found 270 

similar results in a study of thirteen streams, where changes in stream width and depth primarily drove variations in 271 

transient storage timescales.  272 

3.3 Raz transformation (a proxy for respiration) as a function of physical and stoichiometric controls 273 

Our results suggest no significant changes in respiration despite significant differences in discharge (𝑄) and 274 

nutrient treatments. Between experimental rounds, the mean values of 𝑄 (and ℎ and 𝑢 by extension) were 275 

statistically different for each treatment comparison (Figure 4A). For 𝜆𝑅𝑎𝑧 , we only found statistical differences 276 

between rounds for the C+N+P treatments (Figure 4B). Due to the large influence of 𝑄 on the uptake velocity of Raz 277 

(𝑉𝑓𝑅𝑎𝑧) through stream depth (ℎ), the statistical differences between rounds seen for 𝑄 were also seen for 𝑉𝑓𝑅𝑎𝑧 278 

(Figure 4C).  279 

 280 
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 281 
Figure 4. Comparison of  A) stream discharge values recorded at the gaging station, B) transformation rate coefficients of 282 
resazurin (𝝀𝑹𝒂𝒛) resulting from Equation 6, and associated C) uptake velocities of resazurin (𝑽𝒇𝑹𝒂𝒛

= 𝝀𝑹𝒂𝒛 𝒉) estimated 283 
for each experimental nutrient treatment addition during rounds 1 and 2. Due to the large influence of 𝑸 on the uptake 284 
velocity of Raz (𝑽𝒇𝑹𝒂𝒛

) through stream depth (𝒉), most of the statistical differences between rounds seen for 𝑸 were also 285 
seen for 𝑽𝒇𝑹𝒂𝒛

. Asterisks represent significant differences in magnitudes between rounds with p<0.01(**), and p~0 (****) 286 
based on the Mann-Whitney U nonparametric statistical test. 287 
  288 

When looking at the data collected from each round, we found that mean 𝑄 values were statistically 289 

different across nutrient treatments (Figures 5A and 5D). For mean 𝜆𝑅𝑎𝑧  values, the only treatments with statistical 290 

differences were the N+C and C+N+P from round 1 (Figures 5B and 5E). Finally, 𝑉𝑓𝑅𝑎𝑧  mean values were only 291 

statistically different for the N vs N+C treatments for round 1, and for all but the N+C vs N+P and N vs C+N+P 292 

treatments for round 2 (Figures 5C and 5F).  293 

 294 
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 295 
Figure 5. Comparison of stream discharges (A and D), transformation rate coefficients of resazurin (𝝀𝑹𝒂𝒛) (B and E), and 296 
uptake velocities of resazurin (𝑽𝒇𝑹𝒂𝒛

) (C and F) across treatments for round 1(top row) and 2 (bottom row). Due to the 297 
large influence of 𝑸 on the uptake velocity of Raz (𝑽𝒇𝑹𝒂𝒛

) through stream depth (𝒉), most of the statistical differences 298 
between rounds seen for 𝑸 were also seen for 𝑽𝒇𝑹𝒂𝒛

. Asterisks represent significant differences in magnitudes for 299 
treatments N, N+C, N+P, and C+N+P with p<0.05 (*), p<0.01(**), and p~0 (****) based on the Mann-Whitney U 300 
nonparametric statistical test. 301 
 302 

For each of the eight nutrient injections, we related the mean transient storage timescales, 𝜏𝑡𝑠, which 303 

indicate exposure times between solutes and microbial communities, and the mean transformation timescales of Raz, 304 

1/𝜆𝑅𝑎𝑧, which indicate respiration (Figure 6). This Damköhler-based analysis allows us to visualize the interplay 305 

between physical, biological, and stoichiometric controls in the stream. We found that the range of variation of the 306 

mean transient storage timescales was three times greater than that of the mean transformation timescales. This 307 

suggests that the changes brought by our stoichiometric controls (color-coded in Figure 6) may have contributed to 308 

buffer changes in microbial respiration. In round 1, all the stoichiometric treatments resulted in transport-limited 309 

conditions, i.e., the average particle of Raz that entered a metabolically active compartment underwent 310 

transformation and more Raz could have been transformed if it had been available. Thus, in round 1, respiration was 311 

high relative to the supply of solutes to the metabolically active transient storage zones. In round 2, all 312 

stoichiometric treatments, except N, resulted in reaction-limited conditions, i.e., the average particle of Raz entering 313 

a metabolically active compartment left it without undergoing transformation. Thus, in round 2, respiration was slow 314 

relative to the exposure of solutes to microbial communities. 315 

 316 
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 317 

 318 
Figure 6. Mean reaction and transient storage timescales for each nutrient treatment. The Damköhler, 𝑫𝒂 =319 
𝐭𝐫𝐚𝐧𝐬𝐢𝐞𝐧𝐭 𝐬𝐭𝐨𝐫𝐚𝐠𝐞 𝐭𝐢𝐦𝐞𝐬𝐜𝐚𝐥𝐞/ 𝐭𝐫𝐚𝐧𝐬𝐟𝐨𝐫𝐦𝐚𝐭𝐢𝐨𝐧 𝐭𝐢𝐦𝐞𝐬𝐜𝐚𝐥𝐞, indicates reaction-limited and transport-limited conditions. 320 

 321 

3.4 How is microbial respiration controlled by hydrologic exchange vs. stoichiometric conditions (i.e., supply 322 
of C, N, and P)?  323 

We characterized microbial respiration with the transformation timescale of Raz, 1/𝜆𝑅𝑎𝑧; the extent of 324 

hydrologic exchanges with the transient storage timescale, 𝜏𝑇𝑆 , and the relative size of the main channel and 325 

transient storage areas, 𝐴𝑠/𝐴; and stoichiometric conditions with our controlled nutrient additions (i.e., N, N+C, 326 

N+P, and C+N+P treatments). The most salient findings indicate that a) discharge (𝑄) changed significantly 327 

between rounds (Figure 4a) and across stoichiometric treatments (Figure 5a, 5d), and was directly and moderately 328 

correlated with 𝜏𝑇𝑆  and uncorrelated with 𝐴𝑠/𝐴 (Figure 3), suggesting that most transient storage occurred in the 329 

side pools in the channel, which increased in quantity and extent proportionally with 𝑄, and b) the respiration 330 

activity indicated by 𝜆𝑅𝑎𝑧  remained similar between rounds with significantly different 𝑄 (Figure 4b), and across 331 

controlled stoichiometric treatments also featuring different 𝑄 (Figure 5b, 5e). Thus, we observed that respiration 332 

remained largely unchanged or constant with varying physical and stoichiometric conditions, as we summarized in 333 

Figure 7.  334 
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Given that each experimental round lasted only one week, in the absence of stoichiometric manipulations, 335 

we would have expected to see changes in microbial respiration proportional to the constraints imposed by the 336 

physical controls in the stream. This expectation is based on the assumption that there are insignificant changes to 337 

the microbial composition of a stream during any given week. Consequently, the disconnection of surface transient-338 

storage zones with microbial biomass due to the marked flow recessions should have resulted in reduced 339 

transformation of Raz, i.e., reduced respiration (González-Pinzón et al. 2012, 2014; Knapp et al. 2017, 2018). 340 

Within this context, the constant respiration that we observed in our study may have resulted from counterbalanced 341 

interactions between flow reductions, which decreased surface transient storage and the amount of biomass 342 

connected to the stream, and an increase in metabolic activity likely prompted by the removal of nutrient limitations 343 

from our sequential additions of N, N+C, N+P, and C+N+P (Figure 7). This is supported by evidence showing that 344 

microbial biofilms operate as rate-limited systems, where solutes and particulates can remain stored longer and be 345 

utilized later than the resources transported in the main channel (Battin et al. 2003, 2016; Merchant and Helmann 346 

2012). Therefore, even if our nutrient additions were carried out every other day to allow the stream to return to 347 

ambient conditions, nutrients might have become increasingly more abundant inside connected biofilms, 348 

progressively contributing to reducing nutrient limitations. Simply put, while less biomass contributed to respiration 349 

when side pools became disconnected through flow reductions, the connected biofilms may have been more 350 

metabolically active, causing constant respiration activities.  351 

 352 

 353 

Figure 7. Conceptual diagram explaining constant stream respiration in Como Creek: the study featured flow recession 354 

and two rounds of stoichiometric treatments: N, N+C, N+P, and C+N+P.  355 

 356 
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Our findings support the idea that transient storage timescales alone could be a weak predictor of stream 357 

respiration due to the relevance of local and dynamic variations in stoichiometric conditions. In previous studies, 358 

transient storage and nutrient uptake have presented contradictory relationships: 359 

 Inconclusive relationships: Martí et al. (1997) did not find correlations between NH3 uptake length and 360 

As/A in a desert stream using data from eight tracer injections. Webster et al. (2003) did not find statistically 361 

significant relationships between NH4 uptake and As/A using the 11-stream LINX-I dataset that included arctic to 362 

tropical streams. From thirty seven injections conducted in thirteen streams at Hubbard Brook Experimental Forest 363 

(HBEF), Hall et al. (2002) found weak correlations (R2=0.14-0.35) between transient storage parameters and NH4 364 

demand. Using data from seven streams in New Zealand, Niyogi et al. (2004) did not find significant correlations 365 

between soluble reactive phosphorous (P-SRP), NO3 uptake velocities, and As/A. Bukaveckas (2007) reported an 366 

indefinite relationship between transient storage and NO3 and P-SRP retention efficiencies from tracer injections in a 367 

reference (N=13 injections), a channelized (N=14 injections), and a restored (N=17 injections) stream reach in the 368 

midwestern US. Lastly, the LINX-II dataset from 15N-NO3 injections in 72 streams located in eight regions of the 369 

US showed no relationship between NO3 uptake and the fraction of median travel time due to transient storage 370 

(𝐹𝑚𝑒𝑑
200 ) (Hall et al. 2009).  371 

Weak to moderate relationships: Thomas et al. (2003) showed that transient storage accounted for 44% to 372 

49% of NO3 retention measured by 15N in a small headwater stream in North Carolina. Mulholland et al. (1997) 373 

found larger PO4 uptake rates in a stream with higher transient storage, when they compared two forested streams. 374 

Ensign and Doyle (2005) found an increase in As/A and the uptake velocities for NH4 and PO4 after the addition of 375 

flow baffles to two streams. Lautz and Siegel (2007) found a modest correlation (R2=0.44) between NO3 retention 376 

efficiency and transient storage in the Red Canyon Creek watershed, WY.  377 

Strong relationships: Valett et al. (1996) found a strong correlation (R2=0.77) between transient storage 378 

and NO3 retention in three first-order streams in New Mexico. From nine tracer injections in two urban streams in 379 

the eastern US, Ryan et al. (2007) found strong relationships between P-SRP retention and transient storage metrics 380 

(𝑘,𝐴𝑠/𝐴; R2>0.84) when the variables were measured in different seasons. Sheibley et al. (2014) observed that the 381 

retention of NO3 in seven agricultural streams in the US was positively correlated with As/A and the average water 382 

flux through the storage zone per unit length of stream (qs = kA), and negatively correlated with the transient 383 

storage timescale (𝜏𝑡𝑠). However, they found no significant correlation between NH4
+ and SRP retention and 384 

transient storage metrics.  385 

The studies referenced above were done in streams with contrasting physical, chemical, and biological 386 

conditions. Together, they offer a broader perspective on the inconsistent relationship between transient storage 387 

metrics and metabolic processing. Those studies do not feature co-injections of C, N, and P macronutrients (e.g., 388 

N+C, N+P, N+C+P), even while some tracked ambient processing rates of more than one nutrient. Therefore, they 389 

generally represent solute-specific analyses, where the uptake of one nutrient at a time was analyzed and, thus, did 390 

not account for stoichiometric controls on nutrient uptake. On the contrary, our study offers evidence suggesting that 391 

stoichiometric controls can be as important as physical controls in establishing reach-scale metabolic activities, 392 

explaining why transient storage timescales alone could be a weak predictor of stream metabolic processes.  393 
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4 Conclusions 394 

We conducted two rounds of four stoichiometric treatments (i.e., N, C+N, N+P, and C+N+P) in a 395 

headwater stream in Colorado to quantify changes to stream respiration during flow recession and answer the 396 

question: How is respiration controlled by hydrologic exchange vs. stoichiometric conditions (i.e., supply of C, N, 397 

and P)? We found that discharge changed significantly between rounds and across stoichiometric treatments, and 398 

that it was directly and moderately correlated with transient storage timescales but uncorrelated with the ratio of 399 

contributions from advection-dominated to transient storage-dominated compartments (i.e., 𝐴𝑆/𝐴 ). This suggests 400 

that most transient storage occurred in side pools within the main channel, which increased in quantity and extent 401 

proportionally with discharge. We also found that respiration remained similar despite significant changes in 402 

discharge and stoichiometric treatments. Our results contradict the notion that hydrologic transport alone is a 403 

dominant control on biogeochemical processing, as longer transient storage timescales were not uniquely associated 404 

with increased respiration in our study. Interestingly, our results suggest that the sequential stoichiometric treatments 405 

that we conducted over the two rounds of experiments counterbalanced the controls imposed by hydrologic 406 

transport, consistently resulting in insignificant changes in stream respiration between rounds and treatments. 407 

Together, we saw that residence time alone could be a weak predictor of stream respiration due to the relevance of 408 

local and dynamic variations in stoichiometric conditions. Our results offer a plausible explanation for the lack of 409 

consistency in reported relationships between transient storage and in-stream nutrient processing from prior studies.  410 
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