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Abstract Transient storage zones for water represent potential hot spots for metabolic activity in streams.
In lowland rivers, the high abundance of submerged vegetation can increase water transient storage,
bioreactive surface areas, and, ultimately, in-stream metabolic activity. Changes in flow resulting from
climatic and anthropogenic factors that influence the presence of aquatic vegetation can also, thereby,
impact in-stream metabolism and nutrient cycling. We investigated the effects of water column depth on
aquatic vegetation cover and its implications on water transient storage and associated metabolic activity in
stream mesocosms (n= 8) that represent typical conditions of lowland streams. Continuous injections of
metabolically reactive (resazurin-resorufin) tracers were conducted and used to quantify hydraulic transport
and whole-mesocosm aerobic respiration. Acetate, a labile carbon source, was added during a second stage
of the tracer injection to investigate metabolic responses. We observed both higher vegetation coverage and
resazurin uptake velocity, used as a proxy of mesocosm respiration, with increasing water column depth. The
acetate injection had a slight, positive effect on metabolic activity. A hydrodynamic model estimated the
water transport and retention characteristics and first-order reactivity for three mesocosms. These results
suggest that both the vegetated surface water and sediments contribute to metabolically active transient
storage within the mesocosms, with vegetation having a greater influence on ecosystem respiration. Our
findings suggest that climate and external factors that affect flow and submerged vegetation of lowland
rivers will result in changes in stream respiration dynamics and that submerged vegetation is a particularly
important and sensitive location for stream respiration.

1. Introduction

Stream flow, amaster variable shaping the structure and functioning of stream ecosystems [Poff et al., 1997], is
sensitive to a number of climatic and anthropogenic factors including climate change, droughts, and altered
flow regimes due to abstraction, floodmitigation policies, and reservoir releases [Wright and Berrie, 1987; Bunn
and Arthington, 2002;Westwood et al., 2006]. Climate change is predicted to change the hydrological behavior
of streams by altering both the amplitude and the seasonality of flow [Laizé et al., 2014; Watts et al., 2015].
Decreases in flow associated with drought, for example, can result in decreases in stream surface connectivity,
increases in water temperature, major shifts in nutrient concentrations and particulate matter, and subse-
quent profound effects on macroinvertebrates, algae, and microbial communities [Stanley et al., 1997;
Dahm et al., 2003; Lake, 2003; James et al., 2008; von Schiller et al., 2011, 2015; Stubbington et al., 2015].
These natural low flow effects may be exacerbated when coupled with human flow-altering activities, such
as water abstraction or diversion [Wilby et al., 2010; Arroita et al., 2015]. Still largely unknown is the response
of stream ecosystem functions, such as metabolism and nutrient cycling, to low flow conditions. Improving
our understanding of low flow effects on river ecosystems is critical to predicting the response of aquatic eco-
systems to reduced flow resulting from climate change and increased human pressures on water resources.
Lowland rivers, and their characteristic beds of aquatic vegetation, may be particularly sensitive to these
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effects [Flynn et al., 2002; Franklin et al., 2008]. The central objective of this work is, therefore, to assess the
functional response of vegetation-rich lowland stream ecosystems to reduced stream flows.

Important interactions can occur between flow and aquatic vegetation [Koch, 2001; Franklin et al., 2008;
Gurnell, 2014], which can, in turn, have implications for the functioning of the stream ecosystem [Clarke,
2002]. Flow regime, including variability in water depth and velocity, has been cited as the most significant
environmental parameter affecting the presence, abundance, and diversity of aquatic vegetation [French
and Chambers, 1997; Wilby et al., 1998; Westwood et al., 2006; Franklin et al., 2008; Bornette and Puijalon,
2010]. The importance of flow has led the European Water Framework Directive to use hydrology (including
defining and maintaining optimal flow and water depths) as a supporting element in stream ecosystem
health and status [Acreman and Ferguson, 2010; Acreman et al., 2014]. The mechanisms by which flow affects
aquatic vegetation and the resulting correlations between flow and vegetation can differ between high and
low flow. For example, physical and mechanical stress at high flow velocities can restrict vegetation abun-
dance and, consequently, metabolism and nutrient retention [Koch, 2001; Franklin et al., 2008], while vegeta-
tion growth rates and metabolic functioning can be indirectly limited at low flow by thicker diffusive
boundary layers and associated flow-mediated reductions in carbon availability and carbon mass transfer
[Koch, 2001; Dahm et al., 2003].

Aquatic vegetation can influence stream ecosystem function both directly and indirectly by influencing
hydrological retention, streambed morphology, geochemistry, and ecological community structure.
Localized hydraulic effects promote fine sediment accumulation around aquatic vegetation, which in turn
can enhance in-stream biogeochemical cycling [Sand-Jensen, 1998; Kleeberg et al., 2010; Drummond et al.,
2014]. Autotrophic production by the vegetation itself and by associated epiphytic communities also influ-
ences nutrient cycling and diel variations in dissolved oxygen concentration [Wilcock et al., 1999; Clarke,
2002; Riis et al., 2012; O’Brien et al., 2013; Peipoch et al., 2014; Levi et al., 2015]. Aquatic vegetation also serves
as an important refugia and habitat zone [Phillips, 2003; Warfe and Barmuta, 2006], by enhancing stream
hydraulic heterogeneity and altering sedimentation patterns, shading, and thermal regimes [Sand-Jensen,
1998; Wilcock et al., 1999; Clarke, 2002; O’Brien et al., 2013; Rajwa-Kuligiewicz et al., 2015].

Aquatic vegetation can also play a key role in controlling water and solute transport within transient storage
(TS) zones within lowland streams, although the metabolic activity associated with this storage is unknown.
Water level and stream flow influence the interaction of the overlying water with slower-moving waters in TS
zones; these slower-moving waters are known to be important biogeochemical hot spots [Thomas et al.,
2003; Battin et al., 2008; Alexander et al., 2009; Boano et al., 2014]. Slower stream flow velocities and longer
residence times within these zones can favor vegetation growth and facilitate interaction between solutes
and microbial and/or epiphytic communities, potentially increasing ecosystem functions such as nutrient
uptake andmetabolism [Bencala and Walters, 1983; Koch, 2001; Fellows et al., 2006]. However, not all TS zones
are equally bioreactive [e.g., Argerich et al., 2011]. Larger TS zones can be correlated with enhanced biogeo-
chemical cycling [Valett et al., 1996; Mulholland et al., 2001; Ensign and Doyle, 2005] but are not always
[Webster et al., 2003; Simon et al., 2005]. Rather, the time water spends within TS zones has been shown to
be a better indicator of the potential for nutrient uptake than the size of the TS zone [Drummond et al.,
2016]. Previous studies that aimed to characterize metabolically active and inactive zones of TS within
streams have used the hydrometabolic “smart” tracer resazurin (Raz) [Haggerty et al., 2009; Argerich et al.,
2011]. Raz, a weakly fluorescent dye, irreversibly transforms to resorufin (Rru), a highly fluorescent dye, under
mildly reducing conditions. Raz transformation can, therefore, be used as a proxy for aerobic respiration
within streams, assuming that the Raz tracer is exposed to all reactive regions within the stream [Haggerty
et al., 2008; González-Pinzón et al., 2014]. To date, applications of the Raz-Rru tracer system have focused
on streams without abundant aquatic vegetation and have considered that the primary location of metabo-
lically active TS is associated with the hyporheic zone and/or benthic biofilms, as opposed to components
that generate TS zones in surface water column [Haggerty et al., 2009; Argerich et al., 2011; González-Pinzón
et al., 2014]. This may be the case in many upland, forested streams where most of these previous studies
were conducted; however, in lowland streams with open canopies, submersed aquatic vegetation can also
contribute to water TS and associated bioreactivity.

To improve our understanding on the effect of stream flow variation on ecological functioning of lowland
rivers, we investigated the joint effects of changes in water depth and aquatic vegetation cover on water
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transient storage and ecosystem metabolic activity, as quantified as ecosystem respiration using the Raz tra-
cer approach. This study was conducted in a series of streammesocosms that simulated conditions of aquatic
vegetation development in lowland streams but varied in hydraulic conditions. Since availability of dissolved
organic carbon is expected to change with hydrological changes [von Schiller et al., 2015], we further tested
the response of the metabolic activity in these mesocosms to a carbon source (acetate) injection. The use of
mesocosms for this study, although a simplified version of in-stream conditions, provided comparable,
controlled environmental conditions that limited the confounding effects of transient conditions (e.g., seaso-
nal variation, disturbance, and recovery history) or between-site heterogeneity on our study results. We
hypothesized that the overall physical and metabolically active TS would predominantly be a function of
aquatic vegetation abundance.

2. Methods
2.1. Experimental Design

We injected a reactive (Raz-Rru system) tracer in eight stream mesocosms that were controlled for different
water depth conditions, with the combined Raz + Rru acting as a conservative tracer. All mesocosms con-
tained a fixed sediment volume and a gradient of vegetation coverage. Acetate was injected during a second
phase of the tracer experiment to examine whether metabolic activity in the mesocosm was stimulated by
this dissolved organic carbon source. The profiles of Raz and Rru tracer concentration along each mesocosm
were used to estimate whole-mesocosm transformation rates, the results of which were correlated to meso-
cosm characteristics. In addition, three of the mesocosms were intensively instrumented to facilitate contin-
uous tracer measurements and diel variation of dissolved oxygen concentrations. Within these three
intensively instrumented mesocosms, a hydrodynamic model was used to account for flow dynamics as an
independent variable, by providing detailed characterizations of solute transport and retention, and first-
order reactivity of Raz to Rru.

2.2. Description of the Mesocosms

Theexperimentwasconductedat theDrought ImpactsonStreamEcosystemFunctioning (DRI-STREAM)meso-
cosm facility at Fobdown Watercress Farm, Vitacress Ltd, New Alresford, Hampshire (51.102083, �1.186870),
UK. All mesocosms were constructed to be identical—each was 14.5m long by 0.5m wide with a bottom
layer of homogeneous coarse gravel arranged into a series of four alternating pools and riffles. At the time of
the experiments, the average measured sediment depths ranged from 18 cm in pools to 23 cm at riffles
(Figure1d). Thedesignof the long-termDRI-STREAMproject consistedof controllinghydrology ineach tomain-
tain differences in water depth among the mesocosms. This was done using a weir at the downstream end of
each flume.Water depths weremaintained at 7, 10, 25, or 35 cm, asmeasured in the pools, with average water
depths ranging from3.4 to 31.2 cm (Table 1). All other hydraulic parameters, includingdischarge and residence
time, varied betweenmesocosms (Table 1). All mesocosms were at hydrologic steady state during the experi-
ment and were fed from a common (chalk aquifer) groundwater source.

The mesocosms were planted with Ranunculus penicillatus fragments at 2m spacing in August 2013,
8months prior to this experiment, and left to passively recruit a mixture of submerged, emergent, and terres-
trial vegetation, per the design of the ongoing DRI-STREAM project. The dominant vegetation type at the
time of this experiment was submerged Ranunculus penicillatus and, to a lesser extent, emergent Berula
spp., Rumex spp., and Rorippa spp., and terrestrial Epilobium spp. Spatial vegetation coverage in all
mesocosms was estimated from photographic surveys taken during the experiments (Figures 1b–1d and
Table 1).

The eight mesocosms included two replicates of each of the four water depth treatments (7, 10, 25, and
35 cm). The mesocosms are identified hereafter by their unique code and the controlled water depth condi-
tion measured in pools (e.g., 1–25=mesocosm #1 and 25 cm water depth) (Figure 1). Sediment depths and
water depths in the three intensively studied mesocosms (1–25, 2–10, and 3–07) were surveyed at a spatial
resolution of 5 × 39 points (12.5 × 36.25 cm), for a total of 195 survey points per mesocosm. The results of
these surveys were used to calculate the total water-saturated volume in the mesocosms (including surface
water and saturated sediment), the total sediment volume, the total surface water volume, and the ratio of
the sediment volume to the surface water volume. The results of the surveys combined with maps of spatial
vegetation coverage were further used to calculate the total and percentage vegetated surface water area,
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the total and percentage vegetated surface water volume, and the total and percentage unvegetated surface
water volume (i.e., open water). The average sediment depth distribution in the three surveyed mesocosms
and the known pool water depths for all mesocosms were used to calculate the total and percentage of
volume metrics for the remaining five mesocosms that were not intensively characterized.

2.3. Tracer Injection Studies
2.3.1. Raz-Rru System
A constant rate injection of the reactive tracer Raz was conducted from 12:18 to 20:06 on 24 April 2014 (GMT
+1). A 58 L solution of 80.1 g Raz, to target a 100 ppb concentration within the mesocosm, was prepared. The
tracer was pumped at a rate of approximately 2mL s�1 into the main mesocosm header tank, to thoroughly

Figure 1. DRI-STREAMmesocosm facility in Hampshire, UK. Maps of vegetation coverage in mesocosms (a) 1-25, (b) 2-10, and (c) 3-07, including, to the right, lateral
mesocosm cross sections indicating sediment and water depths. (d) Longitudinal mesocosm cross section showing the average sediment profile, based on meso-
cosms 1-3, and the four different water depths of mesocosms treatments. Flow is from left to right. Submerged aquatic vegetation dominates in the deeper
mesocosms and pool sections of shallowest mesocosms. Submerged aquatic vegetation, when present, filled the entire water column. Mesocosm hydraulic, sedi-
ment, and vegetation parameters are summarized in Table 1.

Table 1. Hydraulic, Sediment, and Vegetation Conditions in the Experimental Mesocosmsa

Mesocosm
Number

Average Water
Depth (cm)

Discharge
(×10�4m3 s�1)

Velocity
(×10�2m s�1)

Vegetated
Area (%)

Total
Volume (m3)

Vegetated
Surface
Water
Volume
(%)

Unvegetated
Surface
Water

Volume (%)

Sediment
Volume
(%)

Sediment
Volume:
Surface
Water
Volume

3-07 3.4 0.375 0.22 56.0 1.53 13.7 3.2 83.1 5.1
4-07b 3.8 1.09 0.57 87.3 1.58 16.7 0.8 82.6 4.7
2-10 7.2 4.77 1.37 90.6 1.86 26.1 1.1 72.8 2.7
9-10b 6.3 2.68 0.85 87.1 1.76 24.7 1.2 74.2 2.9
1-25 23.4 13.0 1.11 96.7 2.97 55.1 2.2 42.7 0.7
12-25b 21.2 27.0 2.54 92.0 2.84 49.7 4.5 45.9 0.8
6-35b 31.2 26.3 1.69 93.8 3.57 59.4 4.1 36.5 0.6
10-35b 31.2 34.5 2.21 94.1 3.58 59.5 3.9 36.5 0.6

aValues reported as a percentage of the total mesocosm area (7.25m2) or the total inundated volume (including sediment and surface water, and volume
variable based on water depth).

bSediment and vegetated surface water volumes estimated based on the average measured sediment depths in mesocosms 1-25, 2-10, and 3-07 and the
known pool water depths.
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mix the tracer prior to distribution to all mesocosms. This header tank mixing ensured that an equal tracer
concentration entered the inlet of all mesocosms. The injection flow rate from the reservoir was measured
regularly (approximately every 15min) throughout the injection experiment to account for its potential
variation. Concentrations of Raz and Rru were measured continuously at the outflow of mesocosms 1–25,
2–10, and 3–07 using calibrated in situ fluorometers (GGUN FL30, Albillia Co., Neuchatel, Switzerland; 10 s
frequency). The conservative tracer NaCl was also injected in parallel from a separate reservoir into the
header tank. The resulting increase in specific conductivity from background was minimal (a mean increase
of 70μS cm�1) and was only used to confirm plateau conditions were reached at the mesocosms that were
not equipped with an in situ fluorometer.

In addition to the continuous tracer measurements at the outlet of the mesocosms, longitudinal tracer
profiles of Raz and Rru concentrations were measured during conservative tracer concentration plateau at
all eight mesocosms (3-07, 4-07, 2-10, 9-10, 1-25, 12-25, 6-35, and 10-35). During the plateau, one set of nine
water samples were collected every 1.45m along eachmesocosm. Water samples were immediately shielded
from light and stored at 4°C until they were analyzed for Raz and Rru on site within 6 h of collection using a
fourth calibrated GGUN fluorometer. Conductivity was measured in situ at each water sampling location
using a handheld conductivity meter (WTW GmbH, Munich, Germany).

2.3.2. Acetate Injection
An additional constant rate injection of sodium acetate trihydrate (hereafter “acetate”) was conducted over
the last 3 h of the Raz tracer injection. The acetate injection started at 16:50 and ended at 20:06. Acetate is
a known labile carbon source that can stimulate aerobic and anaerobic respiration and has been used in simi-
lar tracer injection experiments [e.g., Baker et al., 2000; Zarnetske et al., 2011]. An acetate mass of 59.13 g was
injected at a rate of 2mL s�1 for a target plateau acetate concentration of 1 ppm. Approximately 2 h after the
acetate injection started, when the NaCl injection appeared to have reached a plateau, we collected a second
set of nine water samples along each of the mesocosms and analyzed them for Raz and Rru. We then com-
pared Raz and Rru longitudinal profiles at plateau before and during the acetate injection to assess any
immediate response of metabolism to the acetate injection.

2.4. Daily Rates of Metabolism and Metabolic Activity Estimates
2.4.1. Estimates of Daily Rates of Whole-Mesocosm Metabolism
Dissolved oxygen (DO) concentration and water temperature were measured continuously at the outflows of
the three intensively studied mesocosms (1-25, 2-10, and 3-07) at 10min frequency from 23 April 2014 13:00
to 25 April 2014 14:00 using in situ sensors (miniDOT Logger, PME Inc., Vista CA, USA). These data were used
to calculate daily rates of whole-mesocosm ecosystem respiration (ER), gross primary production (GPP), and
net primary production (NPP) [Bott, 1996]. Reaeration was estimated from the slope of the linear regression
between the net DO change rate and the DO saturation deficit between 20:00 and 23:00, averaged over the
two nights, following the night time method [Young and Huryn, 1996]. Observed changes in reaeration are
presumed to be the result of differences between mesocosms, and not to differences in inflow, as the turbu-
lent, open-air mixing by the pump and groundwater source should have ensured fully saturated and tempo-
rally constant inflow DO concentrations.
2.4.2. Estimates of Metabolic Activity From Raz-Rru Transformation Rates
Raz-Rru transformation rates were calculated from the longitudinal tracer profiles taken during the plateau
before and during the acetate injection. The following analytical solution to the coupled parent-daughter
steady state transport and multirate mass transfer was used to describe the transformation rate of Raz to
Rru (ktad , h

�1) during the injection experiment [Haggerty, 2013, equation (24)]:

ln CRru
�
CRaz

þ P
� �

¼ ktad tad þ ln CRru;0
�
CRaz;0

þ P
� �

(1)

where CRru and CRaz are the concentrations of Rru and Raz (ppb), tad is the advective travel time (h), CRru,0 and
CRaz,0 are the concentrations of Rru and Raz at the inlet of the mesocosm during the plateau (ppb), and P is
the production-decay ratio P (-). The production-decay ratio P includes effects of irreversible sorption, photo-
decay, and any other mass losses of Raz and Rru. We assume that within the timescale of the mesocosm
experiments Raz decays only to Rru, Rru is stable, and there are no other mass losses; therefore, P= 1. The
concentration of Rru at the inlet of the mesocosms was 0, and thus, the last term in equation (1) is equal
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to 0, when we assume P= 1. The advective travel time, tad, to each sampling station was calculated from the
distance of each sampling site from the inlet divided by the mean in-channel velocity, which was estimated
from the measured discharge and the cross-sectional area of the surface water.

Raz to Rru transformation rates have been shown to be proportional to changes in oxygen, which is a
common measurement of respiration rates [González-Pinzón et al., 2012]. Therefore, estimated ktad can be
used as a proxy of instantaneous rates of ecosystem respiration within the mesocosms. However, to compare
Raz transformation values among mesocosms with different hydrologic conditions, we used the uptake
velocity of Raz (Vf-Raz, mmmin�1), which was estimated by the product of ktad and the average mesocosm
water depth. Vf-Raz can be thought of as the effective velocity of the transformation of Raz into Rru
[Haggerty et al., 2014].

2.5. Hydrodynamic Model to Estimate Solute Transport, Retention, and Reactivity

A hydrodynamic model, the stochastic mobile-immobile model (SMIM), was used to independently charac-
terize the flow dynamics of the three intensively instrumented mesocosms using the breakthrough curves
of conductivity and Raz-Rru measured at the inlet of these mesocosms. SMIM is a probabilistic model that
describes downstream transport as a distinct series of hydrological interactions between a mobile zone
and an immobile zone [Schumer et al., 2003; Benson and Meerschaert, 2009]. For this experimental setup,
we consider the mobile zone as the preferential flow paths within the surface water, which may also include
rapid interactions with the sediment-water interface. In addition, we consider that the immobile zone encom-
passes all transient storage areas, including both the slower-moving flow paths within the vegetated surface
water and pore water transport through the sediment. SMIM is governed by an advection-dispersion equa-
tion, extended via a convolution integral with a memory function to represent storage in the system
[Boano et al., 2014], such that

∂C x; tð Þ
∂t

¼ ∫
t

0
M t � t

0
� �

�v ∂C x; t
0� �

∂x
þ D

∂2C x; t
0� �

∂x2

" #
dt

0
(2)

where C is in stream concentration, t is time (s), x is downstream distance (m), M(t) is the memory function,
and v (m s�1) and D (m2 s�1) are the velocity and dispersion coefficient, respectively. The memory function
(equation (3)) depends on the distribution of waiting times between hydrologic interactions and represents
the mass or number of particles immobilized at time t that remains immobile at a later time (t+dt). The mem-
ory function is normally written in Laplace space, and it depends on ψ̃ uð Þwhich describes solute transport via
the immobile and mobile zones as follows:

eM uð Þ ¼ ut
eψ uð Þ

1� eψ uð Þ (3)

eψ uð Þ ¼ eψ0 uþ Λ� Λeφ uð Þ½ � (4)

where t is the average travel time in the mesocosm, defined as the mesocosm reach length divided by the
velocity (v), eψ0 is the residence time distribution in the mobile zone, and eϕ uð Þ is the residence time distribu-
tion in immobile zone. The Λ (s�1) is the rate of solute exchange from the mobile zone into the immobile
zone. We assume the solute residence times in the mobile zone followed an exponential distribution
(ψ0 (t) = e� t) and a heavy-tailed power law in the transient storage zones (φ (t) ~ t� (1 + β)) [Haggerty et al.,
2002; Cardenas, 2008]. Typically, a heavy-tailed power law has an infinite mean or variance, for exponents
0< β< 1, with the distribution of residence times being wider as β approaches 0. Therefore, the closer β is
to 0, the longer it will take for the solute to move through the immobile zone and return to the mobile zone,
which indicates longer residence times of the solute in the immobile zone. SMIM is virtually indistinguishable
from a standard transient storage model [e.g., OTIS, Runkel, 1998] when the power law residence time distri-
bution of solute within the immobile zone is replaced with an exponential distribution [Stonedahl et al., 2012].

Characterization of solute transport and retention processes is improved when there is minimal truncation of
the conservative tracer breakthrough data, which may occur from tracer sensitivity (i.e., signal-to-background
noise) [Drummond et al., 2012]. The sum of the concentrations of Raz and Rru throughout the injection was
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used as an estimate of conservative solute transport within the mesocosm. For each in-stream Raz + Rru
breakthrough curve, we estimated the residence time of the added tracers within the mesocosm by extend-
ing the tail of the breakthrough curve model output until the values returned to background concentrations
of Raz + Rru. The mean arrival time (MAT) of the tracer to the sampling station was calculated from moment

methods as ∫ Ctð Þdt

∫Cdt
[Luo et al., 2006; Ward et al., 2013]. The input boundary condition was an 8.8 h injection of

constant concentration at x= 0 and proceeded by zero concentration, and an initial concentration of zero
everywhere else. The variation in the injection flow rate during the tracer injection was incorporated into
the model input to improve the representation of the data.

To represent transformation of Raz to Rru within the SMIM model, a first-order reaction term was added
within both the mobile and immobile zones by modifying equation (4) as follows [Aubeneau et al., 2015]:

eψRaz uð Þ ¼ eψ0; Raz uþ Λ� ΛeφRaz uð Þ½ � (5)

where the rate of exchange of Raz from the free-flowing water into the immobile zone is still represented by
the conservative solute (Raz + Rru) rate of exchange,Λ (s�1), but the residence time distribution of Raz within
the mobile and immobile zones, eψ0; Raz and eφRaz, is modified to include a first-order reaction term. The resi-
dence time distribution of Raz within the mobile zone is subject to the first-order transformation rate
constant, kmob, yielding ψ0,Raz (t) =e�te�kmobt. The residence time distribution of Raz within the immobile zone
is estimated from the conservative solute heavy-tailed power law subject to the first-order reaction rate, kimm,
yielding φRaz (t) ~ t� 1þβð Þe�kimmt , with β the same power law slope from the Raz + Rru breakthrough curve
model fit. Then, the Rru concentration was estimated by subtracting the model output of the Raz fit from
the Raz + Rru fit.

2.6. Statistical Analysis

We used the nonparametric Spearman rank correlation coefficient to assess the relationships between the
average hydraulic, sediment, and vegetation characteristics of the different mesocosms. A nonparametric
Kruskal Wallis one-way analysis of variance test was used to examine whether there was a net effect of the
acetate injection on Vf-Raz considering data from the eight mesocosms before and during the acetate portion
of the tracer test. An analysis of covariance (ANCOVA) parallel lines model was used to compare the trend of
ln (CRru/CRaz + 1) from the longitudinal tracer profiles of Raz and Rru concentration during the plateau taken
before and during the acetate portion of the tracer test to assess individual effects of acetate injection on
each mesocosm. Moreover, Spearman correlations were used to explore the covariance between Vf-Raz and
characteristics of the different mesocosms. We examined the relationship between Vf-Raz and the
characteristics of the mesocosms by applying bivariate regression models (linear, exponential, power law,
and logarithmic). Fits were performed by ordinary least squares, and the goodness of fit (R2) was used for
model selection [Zar, 2010]. We referred only to the best fit model in each case. In all cases, differences were
considered statistically significant if p< 0.05. Statistical analysis was performed with MATLAB software
version R2015b (The MathWorks, Inc., Natick, MA, USA).

3. Results
3.1. Physical, Hydraulic, and Vegetation Characterization

The distribution of vegetation and water varied among the mesocosms, as did the relative sediment volume
(Figure 1 and Table 1). With the exception of the percentage unvegetated volume, all mesocosm parameters
were significantly correlated to water depth (p< 0.05): discharge, bulk surface velocity, percentage vegetated
area, and percentage vegetated volume were positively correlated, and the ratio of sediment volume to
surface water volume was negatively correlated (Table 2). Submerged aquatic vegetation dominated the
deeper mesocosms, with emergent vegetation, unvegetated surface water, and exposed sediment prevalent
only in the shallower mesocosms, particularly in the shallowest riffle sections (Figure 1).

3.2. Daily Rates of Whole-Mesocosm Metabolism

The continuous DO concentration measurements in the three intensively monitored mesocosms showed
clear diel cycles, with maximum DO concentrations between 12:00 and 13:00 (Figure 2a). Only GPP
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correlated to the mesocosm parameters, decreasing with water depth (6.93, 3.74, and 2.71 gO2m
�2 d�1 in 1-

25, 2-10, and 3-07, respectively; Figure 2b). ER in mesocosm 3-07 was about half that of 1-25 and 2-10 (2.37
versus 5.39 and 5.51 g-O2m

�2 d�1, respectively; Figure 2b). As a result, NPP and P:R were highest in 1-25,
lowest in 2-10, and moderate in 3-07 (NPP= 1.54, �1.77 and 0.35 gO2m

�2 d�1, respectively; P:R=1.29,
0.68, and 1.15, respectively; Figure 2d), with the P:R following the same pattern.

3.3. Raz-Rru Transformation Rates

Cumulative Raz transformation to Rru increased with longitudinal distance in all mesocosms (Figure S1 in the
supporting information). Raz to Rru transformation rates, ktad , and the uptake velocity of Raz, Vf-Raz, varied by
almost 3 orders of magnitude among the mesocosms (Table 3). Vf-Raz was significantly correlated to all mea-
sured mesocosm parameters (p< 0.05) except the percentage unvegetated surface water volume. Vf-Raz was
positively correlated to water depth, discharge, velocity, percentage vegetated area, total volume, and per-
centage vegetated volume, and negatively correlated to the ratio of sediment volume to surface water
volume (Figure 3 and Table 4).

Neither the kτad nor Vf -Raz values from before or during the acetate injection were significantly different when
considering all the mesocosms together (Kruskal Wallis test, p= 0.60), indicating that there was no consistent
response to acetate across all mesocosms. However, the acetate injection did result in a statistically signifi-
cant response in four of the individual mesocosms (3-07, 4-07, 2-10, and 6-35; ANCOVA F test, p< 0.05).
Metabolic activity increased with acetate injection in all four mesocosms, representing the range of water
depths. Because acetate had, on average, a small but positive effect on mesocosm metabolism, kτad , Vf -Raz,
and all resulting correlations were examined separately for preacetate and acetate data (Figure S1 and
Tables 3 and 4).

Table 2. Spearman Correlations of Average Water Depth With Key Characteristics of the Vegetated Mesocosms

Discharge Velocity
Percent Vegetated
Surface Water Area

Percent Vegetated
Surface Water Volume

Sediment Volume:
Surface Water Volume

r 0.91 0.80 0.92 0.99 -0.98
p <0.05 <0.05 <0.05 <0.05 <0.05

Figure 2. Whole-mesocosm metabolism estimated from the diel oxygen measurements. (a) Diel variation of DO for the three mesocosms representative of the dif-
ferent water column depth treatments. Daily rates of (b) gross primary production, (c) ecosystem respiration, and (d) net primary production for the threemesocosms
differing in water column depth.
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3.4. Hydrodynamic Model for Solute Transport, Retention, and Reactivity

The hydrodynamic model was able to successfully reproduce the observed breakthrough curves on the basis
of its conceptualization of hydrodynamic transport, retention, and reactivity, which considers hydrological
interactions between a mobile and immobile zone (Figure 4 and Table 5). Despite the variation in hydrology

Table 3. Transformation Rates of the Hydrometabolic Tracer Raz in the Mesocosms Before and During the
Acetate Injectiona

Mesocosm
Number

Preacetate Acetate

ktad (h
�1) R2 Vf -Raz (mmmin�1) ktad (h

�1) R2 Vf-Raz (mmmin�1)

3-07 0.06 0.88 0.03 0.15 0.92 0.08
4-07 2.17 0.27 1.37 3.43 0.27 2.17
2-10 0.67 0.78 0.80 1.34 0.77 1.61
9-10 0.91 0.94 0.95 0.90 0.11 0.94
1-25 1.18 0.90 4.60 0.89 0.91 3.46
12-25 1.61 0.98 5.69 2.16 0.85 7.63
6-35 1.18 0.97 6.14 2.99 0.94 15.55
10-35 4.98 0.88 25.90 4.98 0.61 25.90

aktad is the Raz to Rru transformation ratedetermined from the slopeof (ln (CRru/CRaz) + 1 versus tad) (Figure S1), and Vf-Raz
is the uptake velocity, a proxy for ER within the vegetated mesocosms. R2 values to determine ktad values are included.

Figure 3. Uptake velocity (Vf-Raz) versus characteristics of vegetatedmesocosms for before (white circles) and during (black
circles) the acetate injection. The R2 value for the best fit equation are shown for both before (dotted line) and during
(solid line) the acetate injection. Plots are shown in semilog scale when the best fit equation was exponential and log-log
scale when the best fit equation was power law.
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between the three mesocosm, a direct trend was not observed between water depth and model parameters
estimated from the conservative (Raz + Rru) breakthrough curves. The velocity, dispersion, and mean arrival
time were similar for the threemesocosms, while the solute exchange rate frommobile to immobile zones,Λ,
was greatest within the shallowest mesocosm (3-07). Although β varied between the mesocosms, indicating
a range of retention times within the transient storage zones, there was no clear trend between this value and
the reactivity within the three mesocosms (i.e., to kmob, kimm, or Vf-Raz, Table 5).

The model was able to provide some additional information about the reactivity within the mobile and
immobile zones from the fitted first-order transformation rates. In all cases the model better represented
Raz and Rru data when reactivity was considered in both the mobile and immobile zones (Figure 5).
Omitting reactivity within the immobile zone overestimated the concentration of Raz (Figure 5a) and under-
estimated the concentration of Rru within the tail of the breakthrough curve (Figure 5b). Furthermore, by
adding reactivity within the mobile zone, the rising limb of the breakthrough curve was shifted and improved
the Rru model fit. Values of kmob were at least an order of magnitude higher than values of kimm in all three
mesocosms (Table 5).

4. Discussion
4.1. Hydrologic and Vegetation Controls on Metabolism

Our results demonstrate that stream water depth, aquatic vegetation abundance, and metabolic activity are
highly correlated under low flow conditions, and, as such, that aquatic vegetation beds can significantly con-
tribute to metabolically active transient storage in streams. The correlation between stream flow and aquatic
vegetation is well demonstrated in the literature. Aquatic vegetation cover and biomass are typically nega-
tively correlated with flow and water depth [Dawson, 1976; Flynn et al., 2002] when compared across a broad
range of flow and depth conditions (0.2–1.3m�3 s and 0.5–3m, respectively). However, macrophyte cover
has been shown to be positively correlated with flow and depth in lowland stream environments analogous
to our mesocosms, with stable, low flow conditions (velocity< 0.4m s�1 and/or shallow water depth< 0.7m)
[Wilby et al., 1998; Bunn and Arthington, 2002; Riis and Biggs, 2003; Riis et al., 2008]. In these systems, increases
in discharge are more reflected in increases in water column depth than in water velocity, providing addi-
tional habitat for aquatic vegetation rather than vegetation-scouring flows. Further, at velocities below
<0.005–0.06m s�1, within the range of our mesocosms, growth rates of both vascular vegetation and algae
have been shown to be positively correlated to velocity due to decreasing diffusive boundary layer thickness
and associated nutrient limitation [Hurd, 2000; Koch, 2001]. The positive correlation between vegetation
cover, flow, and water depth is particularly evident during low flow periods caused by drought or water
abstraction [Wright and Berrie, 1987].

The link between aquatic vegetation and characteristics of ecosystem function, in particular metabolic activ-
ity, in streams has been receiving increased attention [O’Brien et al., 2013; Levi et al., 2015; Alnoee et al., 2016];
however, the link between stream flow, vegetation abundance, and function has not been explicitly identi-
fied in lotic systems previously. Aquatic vegetation is known to influence stream nutrient dynamics and auto-
trophic metabolism via a number of mechanisms. These include primary production and nutrient assimilation

Table 4. Spearman Correlations of Uptake Velocity (Vf-Raz) With Characteristics of the Vegetated Mesocosm, Before and
During the Acetate Injectiona

Water Depth Discharge Velocity
Percent Vegetated
Surface Water Area

Percent Vegetated
Surface Water

Volume

Sediment Volume:
Surface Water

Volume

Preacetate

r 0.88 0.88 0.76 0.76 0.88 -0.86
p <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

Acetate

r 0.90 0.90 0.81 0.79 0.90 -0.89
p <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

aVf-Raz is positively correlated to all characteristics except the ratio of sediment volume to surface water volume.
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by the plants themselves and by
epiphytic communities, increased
retention of nutrients sorbed to accu-
mulated sediments and particulate
organic matter, and by linking nutri-
ent cycling between the water col-
umn and bed sediments [Clarke,
2002; O’Brien et al., 2013, and refer-
ences therein]. Likewise, aquatic
vegetation abundance may stimulate
heterotrophic metabolism by provid-
ing substrate for epiphytic biofilms in
the water column, and by supplying
and trapping organic matter. A litera-
ture review by Alnoee et al. [2016]
showed positive correlations
between autotrophic biomass and
primary production and respiration,
while O’Brien et al. [2013] found that
primary production, but not ecosys-
tem respiration, was closely corre-
lated with macrophyte cover. Our
results of daily rates of GPP agree
with these findings, with higher rates
in mesocosms with higher water
depths and coverage of aquatic
vegetation (Figure 2). In addition, ER
was lowest in the mesocosm with
the lowest vegetation coverage, sug-
gesting an influence of aquatic vege-
tation on ER. This was further
supported by the positive correla-
tions between Vf -Raz and vegetation
abundance when considering data
from the 8 mesocosms. Our result is
consistent with Haggerty et al.
[2014], who showed that Vf -Raz

increased with increasing biofilm bio-
mass as well as surface flow
heterogeneity.

While we found a strong correlation
between ER, inferred from Vf –Raz,
and water depth in the mesocosms,
we also found that daily rates of ER
measured from diel DO concentra-
tion time series did not scale per-
fectly with water depth in the three
intensively studied mesocosms. This
discrepancy highlights some of the
potential differences between values
derived from the two methods. Both
the diel DO and Raz to Rru transfor-
mation methods are, in theory,

Figure 4. Breakthrough curves of resazurin (Raz), Resorufin (Rru), and conser-
vative (Raz + Rru) tracer concentrations (points) and model fits (lines) mea-
sured at the outlet of the mesocosms 1-25 (A), 2-10 (B) and 3-07 (C) during
the Raz constant rate injection. Hydrodynamic model parameters from
model fit are shown in Table 3.
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sensitive to aerobic respiration of stream ecosystems; the diel DO method measures the net effects of all
oxygen producing and consuming organisms in the ecosystem, while Raz transformation is the result of
the reducing conditions produced by oxygen consumption within the ecosystem. Raz transformation has
been clearly correlated to oxygen consumption in batch and in situ stream experiments [González-Pinzón

Table 5. Hydrodynamic Model Parameters for Conservative (Raz + Rru), Raz and Rru Breakthrough Curves (BTCs) in Mesocosms 1-25, 2-10, and 3-07a

Mesocosm Number
Average Water

Depth (cm)
Velocity b

(m s�1) Dispersion b (m2 s) λ b (s�1) β b MAT b (h)
kmob

c

(h�1)
kimm

c

(h�1)

3-07 3.4 9.50 × 10�3 2.70 × 10�3 9.80 × 10�3 0.55 5.5 1.58 0.036
2-10 7.2 1.30 × 10�2 3.50 × 10�3 1.00 × 10�3 0.28 6.1 1.44 0.002
1-25 23.4 1.20 × 10�2 1.30 × 10�3 1.10 × 10�3 0.40 4.7 1.80 0.072

aAs estimated from the conservative (Raz + Rru) BTCs, λ is the rate of solute exchange from the mobile to immobile zone, β is the slope of the power law
residence time distribution within the immobile zone with values closer to 0 indicating increased solute retention (t(1+β), 0< β< 1), and the mean arrival time
(MAT) is the first moment of the conservative (Raz + Rru) model fit. As estimated from the Raz and Rru BTCs, kmob and kimm are the first-order transformation rates
within the mobile and immobile zone, respectively.

bEstimated from the conservative (Raz + Rru) BTCs.
cEstimated from the Raz and Rru BTCs.

Figure 5. Example of model fits of (a) Raz and (b) Rru BTCs produced when accounting for reactivity within only the mobile
zone (kmob), only the immobile zone (kimm), or within both zones (as in Figure 4). Themodeled conservative (Raz + Rru) BTC
is shown for reference. Example data are from mesocosm 3-07.
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et al., 2012] and more generally to diel DO-based ER estimates [Argerich et al., 2011]. However, substantial
comparison of the two approaches has yet to be made. Notably, the two approaches measured respiration
at different timescales. Daily rates of ER based on diel DO changes are integrated measurements over 24 h
based on consideration that average instantaneous rates during nighttime are also representative of daytime
rates. In contrast, Raz transformation provides information on instantaneous rates of respiration at the time of
measurement, in our case midafternoon. Raz-based rates of ecosystem respiration have been shown to be
relatively constant during day and night [González-Pinzón et al., 2015]. The Raz technique is notable in that
it provides an instantaneous measurement method with which to disentangle metabolic activity at any given
time of day. Despite this, more information is needed from a broader variety of streams and under different
temporal conditions to ensure this trend is consistent.

4.2. Vegetation Beds Are Metabolically Active Transient Storage Zones

The wide range of Vf -Raz values found across the eight mesocosms (0.03–25.90mmmin�1; Table 3) not only
cover but exceed, by almost 2 orders of magnitude, the range of values previously reported for natural and
artificial stream systems. Argerich et al. [2011] reported Vf -Raz values of 0.036–0.28mmmin�1 in two morpho-
logically contrasting reaches of the same stream dominated by bedrock and alluvial substrata, respectively,
while Haggerty et al. [2009] observed Vf -Raz values of 0.69mmmin�1 in April in a second-order forested
stream in Spain. In flumes with variable bed form geometry and biofilm biomass, Haggerty et al. [2014]
reported Vf -Raz values of 0.013–0.030mmmin�1. The wide range of Vf -Raz values and strong correlation to
vegetation abundance observed in this study suggest that aquatic vegetation and, more specifically, the
abundance of aquatic vegetation can have a substantial effect on metabolic activity within lowland streams.
Furthermore, our results suggest that aquatic vegetation in lowland streams can support respiration rates as
high as, if not higher, than the majority of those observed in steams where the hyporheic zone and benthic
biofilms are the major metabolically active compartment contributing to whole-system metabolic activity.
Unfortunately, our study is not able to directly distinguish the relative importance to observedmetabolic activ-
ity of the contribution of the aquatic vegetation itself from that of associated epiphytic biofilms, nor the relative
importance of the vegetated surface water from that of hyporheic sediments. Nevertheless, stream sections
dominated by aquatic vegetation have been shown to have higher metabolic activity than those dominated
by sediment, in large part due to epiphytic biofilms associated with the vegetation [Alnoee et al., 2016].
Given the high surface area of Ranunculus, the dominant vegetation type in our mesocosms, the contribution
of epiphytes to observedmetabolic activity could likewise be high. The fact that mesocosmmetabolic activity
was inversely correlated with the ratio of sediment volume to surface water volume does indicate that the
vegetated surface water, and not the bed sediments, had a greater influence on metabolic activity.

The continuous tracer breakthrough curves in the three highly instrumented mesocosms provide additional
insight into the relative importance of different transport pathways (i.e., relatively fast or slow water move-
ment) along the mesocosms on the metabolic activity. Our hydrodynamic model identified two zones,
referred to as mobile and immobile, which we assumed were associated with the quicker transport through
the surface water and the slower transport through transient storage zones, respectively. Both slower trans-
port flow paths through vegetated surface water and within hyporheic sediments could contribute to tran-
sient storage in this system. In all cases, the model fit to the reactive tracer time series was improved when
reactive terms were applied to both zones, suggesting that both the aquatic vegetation and the sediments
contribute to metabolically active transient storage within these systems. Moreover, we found that the mod-
eled reaction rates within the mobile zone are an order of magnitude higher than in the immobile zone, sug-
gesting that the contribution to metabolic activity within the vegetation in the water column is considerably
higher than that in sediments. Themodel indicated that all mesocosms had high hydrological retention (i.e., a
mean arrival time of ~5 h or more and wide power law residence time distributions). Also, there was no direct
trend between hydrologic retention parameters (i.e., to β, MAT) and estimates of reactivity (i.e., to kmob, kimm,
Vf-Raz-mob, or Vf-Raz). Hence, it is not the lack of hydrologic retention within the shallowmesocosms that results
in lower metabolic activity. Rather, that metabolic activity is higher in the flow within the vegetated surface
water than in the transient storage zones. A likely explanation for the increased metabolic activity within the
mobile zone is the abundance of epiphytic biofilm present on vegetation that promotes fast reactivity, sup-
porting previous findings where metabolically active storage zones were not related to water transient sto-
rage size, but rather to areas with high biomass [Argerich et al., 2011].
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Overall, model results were consistent with the observed positive correlation between transformation rates
and vegetation abundance seen in all mesocosms. The modeled mobile zone reaction rates are similar to
the observed Raz-based ktad values. A possible explanation for differences between modeled and data-
calculated reaction rates may be due to the fact that the model that assumes the reaction rate within each
zone is homogeneous. Spatial heterogeneity in reaction rates within transient storage zones, along preferen-
tial flowpaths, or within the benthic (interfacial) zone and/or microzones [Briggs et al., 2015], would allow for
higher maximum rates. Such spatial heterogeneity in the form of anoxic sediment zones would be particu-
larly critical to Raz transformation, as, theoretically, Raz only transforms under aerobic conditions.
Incorporation of spatial heterogeneity in reaction rates within transient storage zones, either within surface
water column or in hyporheic sediments, is a promising direction for future research to improve our under-
standing of Raz-Rru transformation within streams.

4.3. Effects of Acetate Injection

The injection of acetate, a labile carbon source, to test if metabolic activity was stimulated in the mesocosms
within a time frame of a few hours did not yield a consistent response in kτad and Vf -Raz values across the
mesocosms. The four mesocosms that had a statistically significant response, representing the range of water
depths, exhibited higher acetate kτad and Vf -Raz values (Tables 3 and 4), suggesting that acetate had on aver-
age a slight positive effect onmetabolic activity. The lack of a consistent, significant response to acetate could
be because the mesocosm ecosystems were not carbon limited, because 2 h was not enough time for the
ecosystem to respond to the added carbon, or that acetate was not the most bioreactive carbon source
for the microbial assemblages present in the mesocosms. Heterotrophic metabolism is often carbon limited,
hence adding a labile carbon source generally increases respiration [Bernhardt and Likens, 2002; Johnson et al.,
2012], but not always [Baker et al., 2000; Craft et al., 2002]. Within our mesocosms, the positive NPP values
(except in 2-10), abundance of vegetation biomass, low velocities, and steady state conditions provide
possible evidence against carbon limitation. Alternatively, the acetate could have stimulated anaerobic
microbial respiration [Baker et al., 1999], to which Raz transformation is not, theoretically, sensitive.
However, significant changes in anaerobic respiration would be less expected in our system, given the high
oxygen concentrations measured in the mesocosms and the shallow depth of the sediments.

4.4. Implications for Ecosystem Function in Lowland Rivers

Our results demonstrate that ecosystem function, in the form of metabolic activity, is highly correlated to
stream water depth and abundance of submerged vegetation under low flow conditions. These findings
suggest important implications for how ecosystem function in lowland rivers would respond to climate
change-induced drought, human water abstraction, or other changes that result in reduced stream flows.
Groundwater-dominated lowland chalk aquifer streams, which our mesocosms were designed to be repre-
sentative of, are characterized by stable flow, intermittently drying upper reaches, and high coverage of
aquatic vegetation dominated by Ranunculus spp. The importance of chalk streams is reflected in their being
designated habitats within the UK Biodiversity Action Plan and associated Ranunculus spp. beds as a priority
habitat under the European Union’s Habitats Directive [Westwood et al., 2006, and references therein].
Climate change is predicted to result in increased seasonal and annual flow variability, with lower ground-
water levels and water abstractions contributing to decreased stream flow, particularly in the summer
[Westwood et al., 2006, and references therein; Lavers et al., 2015]. Our results illustrate the importance of
maintaining sufficient flow and vegetation cover in order to optimize stream ecosystem function
[Champion and Tanner, 2000; Acreman and Ferguson, 2010].

There is a need to improve our understanding of the factors governing vegetation dynamics in lowland
systems to better evaluate andmanage their susceptibility to changes in environmental conditions, including
projected patterns of climate variability and continued water abstraction [Flynn et al., 2002; Franklin et al.,
2008; Bornette and Puijalon, 2010;Wilby et al., 2010]. One challenge to this is separating the effects of multiple
stressors (e.g., modified flow versus associated land use changes) on biotic responses to inform effective
management of water resources and ecological health [Bunn and Arthington, 2002]. Our mesocosm experi-
ment provides a basis to approach these questions, by providing information on the effect of flow and water
depth without associated changes in water quality or temporal flow variability. Further work is needed to
corroborate our results with field studies and to establish the mechanisms driving the correlations between
flow-controlled patterns in aquatic vegetation and in ecosystem functions, such as metabolism.

Journal of Geophysical Research: Biogeosciences 10.1002/2016JG003695

KURZ ET AL. WATER LEVEL IMPACTS ON METABOLISM 641



5. Conclusions

It is well recognized that stream flow variation has a major control on stream aquatic vegetation, including
biodiversity, abundance, and growth patterns, with reduced flows being linked to declining abundance of
aquatic vegetation, especially in lowland streams. However, few studies have linked changes in vegetation
dynamics to changes in ecosystem function, and none in relation to water depth or flow. Our results demon-
strate that under stable, low flow conditions, changes in water level and discharge are positively correlated to
aquatic vegetation cover and ecosystem respiration. Most notably, our results suggest that submerged aqua-
tic vegetation can have a remarkable influence on reactivity rates in the water column, indicating that vege-
tation beds are significant sites of metabolically active transient storage in streams. These results further
support the importance of maintaining minimum flows in lowland streams to sustain aquatic vegetation
and optimize stream ecosystem function.
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