Land use aﬀects temporal variation in stream metabolism
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Abstract: Stream metabolism (gross primary production and ecosystem respiration) is increasingly used to assess
waterway health because mean values are responsive to spatial variation in land use, but little is known about
how human land use inﬂuences the temporal variability of stream metabolism. We investigated daily variation in
dissolved O2 (DO) concentrations and calculated mean and within-season variation in gross primary production
(GPP) and ecosystem respiration (ER) rates at 13 stream sites across a landuse intensity gradient in the Auckland
region, New Zealand, over 9 y. Based on generalized linear mixed models, mean daily GPP (0.1–12.6 g O2 m−2 d−1)
and ER (1.8–29.6 g O2 m−2 d−1) and seasonal variation in stream metabolism were signiﬁcantly related to landuse
intensity with higher variability associated with higher values of a landuse stress score. Overall, mean daily rates
and day-to-day variation in GPP and ER were greatest in summer and least in winter. We recommend summer
monitoring over a minimum 5-d period to assess stream health. Our results show that human land use aﬀects
the mean and the temporal variability of DO and stream metabolism. This ﬁnding has important consequences
for characterizing in-stream processes and the resilience of stream ecosystems. Only long-term temporal monitoring provides the data needed to assess fully how streams function.
Key words: ecosystem metabolism, GPP, ER, land use, variability, resistance, resilience, functional indicator,
stream health, life supporting capacity

Landuse change has profound eﬀects on the health of
stream ecosystems (Allan 2004). These eﬀects typically have
been assessed on the basis of structural indicators, such as
water quality or benthic invertebrate community composition, but more recently the importance and complementary
value of functional indicators has gained widespread recognition (Bunn and Davies 2000, Gessner and Chauvet 2002,
Feio et al. 2010, Palmer and Febria 2012). Stream metabolism, which combines gross primary production (GPP) and
ecosystem respiration (ER), strongly responds to human
impacts (Young and Huryn 1999, Bott et al. 2006, Gücker
et al. 2009, Clapcott et al. 2010) and can be measured easily
from short-term monitoring of dissolved O2 (DO) concentrations. Hence, stream metabolism has been suggested as
a functional indicator of stream ecosystem health (Fellows
et al. 2006, Young et al. 2008).
Human eﬀects inﬂuence the nature or timing of
catchment- to reach-scale drivers of stream metabolism.
At the catchment scale, human land use can change the
hydrologic regime to a more ﬂashy hydrology, which inﬂuences stream metabolism via an increase in the number
of scouring ﬂoods (Uehlinger et al. 2003) or prolonged
low ﬂows (Young and Huryn 1996, Acuña et al. 2004).

Increased loads of nutrients and ﬁne sediments delivered
to streams can change the metabolic habitat template, leading to greater or lower metabolic rates in streams, respectively (Atkinson et al. 2008, Clapcott and Barmuta 2010).
Clearance of riparian vegetation, which often is linked to
catchment-scale landuse change, increases light availability
and water temperature and subsequently metabolic rates at
the reach scale (Fellows et al. 2006, Marcarelli et al. 2010).
Reach-scale physical alteration of stream habitat by earthworks or channelization, for example, also can inﬂuence
stream metabolism by altering substrate stability, habitat
heterogeneity, and susceptibility to ﬂow effects (Gelroth
and Marzolf 1978). Last, the negative eﬀects of land use on
stream metabolism are likely to be further exacerbated by
anthropogenic climate-change-driven changes to hydrological and temperature regimes (Marcarelli et al. 2010).
In studies of stream metabolism as a functional indicator, investigators often measure DO concentrations for
short periods of time in summer to minimize variation introduced by temporal changes in natural conditions, such
as the eﬀects of ﬂood disturbance, rain, or season (Fellows
et al. 2006, Clapcott et al. 2010). The drawback of measuring metabolism for only a short and speciﬁc time period is
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that doing so does not capture the pattern of temporal
variation under natural and human-aﬀected condition
throughout the year, which may be an important feature
of stream ecosystem functioning. Continuous DO monitoring allows estimation of the temporal variation of stream
metabolism across seasons and years (e.g., Uehlinger 2006,
Roberts et al. 2007), which may provide additional information for assessment of stream health.
For example, the temporal variation in stream processes
could provide valuable information on the resilience of
streams to human disturbance. Resilient streams recover
more quickly from natural pulse disturbances, e.g., bedmoving spates, and are expected to exhibit less metabolic
variation in response to such events (Uehlinger 2000). Human land use, on the other hand, is a press disturbance
that inﬂicts ongoing stress that allows limited opportunity
for the ecosystem to recover (Lake 2000). Slow and limited recovery from disturbance deﬁnes ecosystems with low
resilience, and increasing variance is suggested to be a leading indicator of decreasing resilience (Scheﬀer et al. 2010).
Human disturbance, via climate and landuse change, is suggested as the main cause for increasing variability in ecological responses and for eroding ecological resilience (Folke
et al. 2004). Thus, quantifying human disturbance-driven
changes in the variability of ecological responses provides a
new and complementary approach to assessing ecosystem
health and resilience (Fraterrigo and Rusak 2008).
We are interested in how measures of temporal variability in stream metabolism can be used to inform stream
health assessment because no detailed investigations of the
temporal variability in stream metabolism across a landuse
gradient have been published. We hypothesize that streams
draining catchments with high landuse intensity will have
higher temporal variability in stream metabolic rates. Greater
temporal variability in metabolism will occur because of
the negative eﬀect of landuse change on environmental
factors that naturally moderate stream metabolism, such as
light availability, nutrients, temperature, and ﬂow. If predictable changes in metabolic variability are a consequence
of landuse change, then our work has the potential to inform when and how stream metabolism could be applied
as a functional indicator. Furthermore, if we can reliably
identify changes in metabolic variability, this ability could
help characterize the resilience of stream ecosystems.
M E T HO DS
Study area and stream sites
The Auckland region is in the northern part of the
North Island of New Zealand and has a warm temperate
climate with an average maximum air temperature of 23.7°C
in February (summer) and an average minimum air temperature of 14.5°C in July (winter). Average annual rainfall
in the Auckland region is 1240 mm and falls mainly in
winter, but high rainfall events can occur at any time of the
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year. Over 60% of the rivers in the Auckland region drain
nonforested rural catchments (pasture, horticulture, rural
residential), ∼20% drain native forest, and ∼10% drain exotic forest and urban-dominated catchments, respectively
(Neale 2012). The region is home to New Zealand’s largest
city, Auckland, which has 1.4 million residents.
As part of the local authority’s stream-monitoring network, 13 low-gradient (<5°), low-elevation (<150 m asl),
2nd- to 5th-order river sites have been sampled for a range
of water-quality and biological attributes intermittently
since 2003 (Neale 2012). Streams occur on soft sedimentary or volcanic ash geologies, and in-stream habitat is
dominated by ﬁne sediment and gravels. Streams range in
width (0.7–16 m) and depth (0.31–2.8 m) and drain catchments with a range of land uses (Table 1).
Environmental data
Land-cover data were derived from the LCDB2 (https://
lris.scinfo.org.nz/) and catchment areas from a region-wide
Auckland Council light detection and ranging (LIDAR)
survey in 2006–2007. Catchment land cover was used to
calculate a landuse stress (LUS) score with a theoretical
range of 0–300 where higher values indicate higher landuse intensity. The LUS score was calculated from the
weighted contribution of urban land use (×3), agriculture
and horticulture (×2), and exotic forestry (×1) to the total %
land use in a catchment (Collier 2008). The LUS score is a
good summary index for relating the combined eﬀects of
urban and rural land uses with stream health (Young and
Collier 2009).
Dissolved O2 (DO) concentration and water temperature were recorded at 15-min intervals at each site by permanently deployed data loggers with optical ﬂuorescence
probes (D-Opto, Zebra-Tech, New Zealand). Data loggers
were calibrated monthly and only high-quality data (within
0.5 mg/L of an independent measurement) were used in
our study. Other monitored variables include nutrients and
Escherichia coli counts measured monthly at 11 sites since
2003 by standard methods (Neale 2012). Benthic macroinvertebrates have been sampled annually at 8 sites since
2007 using standard protocols (Stark et al. 2001) to calculate Macroinvertebrate Community Index scores (MCI;
Stark and Maxted 2007). Stream Ecological Valuation (SEV;
Storey et al. 2011) habitat descriptors measured in 2011 at
all 13 sites include riparian condition (width, continuity,
and age-class diversity of riparian vegetation) and % riparian shade. Stream ﬂow has been recorded continuously at
permanent stage height weirs (Table 2).
Stream metabolism
Stream metabolism was calculated from 2003 to 2011
at up to 13 sites. During each season, a period of the most
stable base ﬂow was selected and metabolism was calculated for a minimum of 3 and maximum of 6 d during a
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Table 1. Catchment and site characteristics of 13 study streams in the Auckland region ordered from high-to-low landuse stress
(LUS) score (see text for description).

Site

LUS
score

% native
forest

%
urban

%
pasture

%
horticulture

% exotic
forest

%
other

Stream
order

Basin
area (ha)

% riparian
shade

Riparian
condition
score

Puhinui
Waitangi
Ngakaroa
Kumeu
Kaukapakapa
Kaipara
Rangitopuni
Wairoa
Ararimu
Hoteo
Mahurangi
Vaughan
West Hoe

220.7
193.5
192.0
161.2
158.3
150.8
147.0
139.3
131.2
130.5
116.4
113.2
0.3

10.9
3.1
0.7
18.7
17.4
13.4
17.7
23.2
10.2
23.2
29.0
39.8
99.8

44.2
0.0
0.0
1.9
0.0
1.5
0.5
0.0
0.0
0.3
0.6
3.6
0.0

43.3
88.3
73.1
71.4
75.0
56.7
62.6
62.6
39.9
53.2
43.5
45.9
0.1

0.0
8.4
20.7
4.7
1.1
4.7
1.9
0.0
1.7
0.2
0.6
0.0
0.0

1.5
0.1
4.4
3.1
6.1
23.5
16.5
14.1
47.8
22.7
26.3
10.7
0.1

0.1
0.1
1.1
0.1
0.4
0.2
0.8
0.1
0.3
0.4
0.0
0.0
0.0

3
3
3
4
5
5
5
5
5
5
5
2
2

1043
1770
471
4577
6163
15,621
8369
11,442
7068
26,832
4650
414
54

0
64
40
6
74
68
72
36
80
54
74
20
94

0.20
0.35
0.16
0.30
0.50
0.42
0.47
0.44
0.68
0.40
0.81
0.29
1.00

consecutive 7-d period. For example, Fig. 1 shows an extract of continuous data that was visually assessed to select periods of relatively low and stable ﬂow to calculate
stream metabolism. Rainfall and substantial changes in
ﬂow can cause DO to be aﬀected by factors other than reaeration and in-stream biological processes. Therefore,
metabolism could not be reliably estimated on some days
based on our method. Thus, sample size varied for each
site, season, and year (Table S1).
Before analysis, random noise in DO data was reduced
using a moving-average smoother with an interval of 5 mea-

surements. Daily metabolism values were calculated with a
spreadsheet model described by Young and Collier (2009).
Brieﬂy, mean daily ER and the reaeration coeﬃcient (k)
were estimated with the nighttime regression method
(Owens 1974). Only equations with R2 > 0.4 were considered meaningful. k and ER were used to calculate gross
photosynthetic rate over the sampling interval as:

GPPt =

dO
+ ER − kD
dt

ðEq:1Þ

Table 2. Mean annual low ﬂow and annual median water quality measured at 13 study streams in the Auckland region ordered from
high-to-low landuse stress score during 2003–2011. MCI = macroinvertebrate community index, SRP = soluble reactive P, E. coli =
Escherichia coli. – indicates no data.
Site

Mean annual low
ﬂow (m3/s)

Mean monthly
temperature (°C)

TP
(mg/L)

SRP
(mg/L)

TN
(mg/L)

NO2+NO3-N
(mg/L)

E. coli (cfu/
100 mL)

MCI (5-y
median)

Puhinui
Waitangi
Ngakaroa
Kumeu
Kaukapakapa
Kaipara
Rangitopuni
Wairoa
Ararimu
Hoteo
Mahurangi
Vaughan
West Hoe

0.014
0.036
0.007
0.02
0.015
0.124
0.016
0.365
0.055
0.379
0.075
0.000
0.002

16.79
15.7
14.52
14.81
14.75
15.06
14.69
14.88
14.75
15.71
15.55
15.21
13.27

0.06
0.02
0.02
0.06
0.07
–
0.08
0.05
–
0.07
0.04
0.05
0.02

0.02
0.01
0.01
0.02
0.03
–
0.03
0.02
–
0.03
0.01
0.02
0.01

0.94
2.43
3.40
0.80
0.78
–
–
0.63
–
–
0.42
0.51
0.13

0.61
1.94
2.75
0.32
0.21
–
0.19
0.39
–
0.34
0.13
0.06
0.01

435
465
280
410
450
–
305
495
–
205
255
885
45

43
62
65
63
–
–
–
106
98
–
–
63
125
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Figure 1. Daily water level, water temperature, and dissolved O2 from January 2009 to December 2011 at Kaukapakapa Stream.
Vertical bars show periods of ecosystem metabolism calculations.

where GPPt is the gross photosynthetic rate (g m−3 s−1)
over time interval t (s) and D is the O2 deﬁcit. To compensate for daily temperature ﬂuctuation, ER was assumed to
double with a 10°C increase in temperature (Phinney and
McIntire 1965), whereas k was assumed to increase by
2.41%/°C (Kilpatrick et al. 1989). Daily GPP (g m−3 d−1) was
estimated as the integral of all temperature-corrected photosynthetic rates during daylight (Wiley et al. 1990). Areal
estimates were obtained by multiplying the volume-based
estimates by average reach depth (m). Average reach depth
was calculated from 5 depth measurements across 5 transects within 500 m upstream of the DO logger and calibrated
to a permanent stage-height gauge. Stage height was then
used to estimate average reach depth for each sample time.

Statistical analyses
Measures of daily variance in DO concentrations and
weekly variance and central tendency in rates of GPP and
ER were calculated and explored in relation to LUS score
and other stream descriptors. The relationships were initially examined with Spearman rank correlations and
scatterplot matrices. Then general linear mixed models
(GLMMs) were used to examine the relationship between
metabolic metrics and LUS score.
For each site, the minimum, maximum, and daily ranges
in DO concentration were calculated for each sampling
date in 2009–2011. Daily GPP and ER were calculated for
each season in all years (2003–2011) and averaged to provide mean weekly values (Table S2). Consecutive seasonal
estimates of metabolism were, on average, 12 wk apart.

Hence, limited autocorrelation was assumed based on the
resetting eﬀects of high-ﬂow events and trends observed in
larger rivers (Uehlinger 2006, Dodds et al. 2013). To estimate variation at diﬀerent temporal scales for each site, season was used as the topmost stratum (ﬁxed, with 4 levels:
autumn, winter, summer, spring), year was treated as random, and weeks as random nested within seasons. This design is based on the assumption that no systematic changes
occurred between years, which seemed reasonable because
change in medium-term climatic drivers or landuse effects was minimal during the study period. Thus, the response variable for examining variation in GPP or ER was
the weekly (day-to-day) standard deviation (σ) computed
for years nested within seasons. σs were analyzed by
GLMM with γ errors and a log-link, which is appropriate
for right-skewed data that cannot take negative values
(Zuur et al. 2013). The mean daily range in DO also was
computed for years nested within seasons and analyzed in
the same way. LUS and season were treated as crossed
ﬁxed eﬀects, whereas site and year were treated as crossed
random eﬀects. Signiﬁcance of ﬁxed eﬀects was assessed
with likelihood ratio tests. Results close to p = 0.05 were
interpreted with care because of the anticonservative nature of such tests (Pinheiro and Bates 2000). The relationships among metabolic metrics and all environmental
descriptors were explored with correlations, but only LUS
score was used as the ﬁxed (continuous) covariate in
GLMMs because no values were missing. All GLMMs (see
Appendix S1) were carried out using the lme4 package
(Bates et al. 2014) in R (version 3.3.0; R Project for Statistical Computing, Vienna, Austria).
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RESULTS
DO
The daily range in DO varied greatly across sites and
was related to LUS score and other environmental variables that described each site. DO ranged from 0.4 to
17.6 mg/L at 12 sites during 2009–2011. The daily range
in DO data was strongly right-skewed and ranged from
0.11 to 16.70 mg/L with a median value of 1.35 mg/L. At
the site with the lowest LUS score (West Hoe; Table 1),
daily DO range averaged 0.3 mg/L on an annual basis (Table 3). In comparison, the site with the highest landuse
eﬀect (Puhinui) averaged daily DO ranges of 2.4 mg/L in
winter and 11.5 mg/L in summer. Daily DO range was
signiﬁcantly correlated with environmental variables (Table 4). Daily DO range was negatively correlated with riparian condition, shade, and MCI and was positively correlated with mean annual water temperature. Daily DO
range was related to LUS, but a signiﬁcant LUS score ×
season interaction indicated that the strength of the response of DO range to LUS changed among seasons (χ23df =
30.40, p < 0.0001). In winter, DO was not related to LUS
score (χ21df = 2.58, p = 0.11), but strong relationships
occurred in summer (χ21df = 9.11, p = 0.002) and autumn
(χ21df =8.69, p = 0.003) and a weak relationship in spring
(χ21df = 4.43, p = 0.035) (Table 5, Fig. 2A).

Stream metabolism
Very low to very high rates of stream metabolism occurred in the 13 study streams during periods of relatively
stable ﬂow. ER ranged from 0.04 to 88.7 g O2 m−2 d−1 and
GPP from <0.01 to 41.4 g O2 m−2 d−1 at 13 sites during

the 9-y study period. Data were strongly right-skewed
with median values of 8.2 g O2 m−2 d−1 (ER) and 2.6 g O2
m−2 d−1 (GPP). Weekly estimates of GPP and ER were
signiﬁcantly correlated (rs = 0.66, n = 298, p < 0.001).
Bivariate plots of the mean and b
σ of weekly estimates of
metabolism identiﬁed strong heteroscedasticity in both
ER and GPP data (Fig. S1).
Weekly mean values and day-to-day variation in stream
metabolism were related to environmental variables that
described each site. Signiﬁcant correlations with environmental and water-quality descriptors were evident for GPP
and ER means and b
σs (Table 4). Metabolic variables were
positively correlated with total N and negatively correlated
with MCI, % riparian shade, and condition. GPP was correlated with mean monthly water temperature, whereas ER
was correlated with E. coli (Table 4).
Higher day-to-day variation in GPP occurred at sites
with higher LUS scores across all seasons. GPP b
σ was
signiﬁcantly positively related to LUS score (χ21df = 18.1,
p < 0.001) and was signiﬁcantly aﬀected by season (χ23df =
48.4, p < 0.0001). The slopes of the relationship between
GPP b
σ and LUS were parallel among seasons (i.e., no signiﬁcant LUS × season interaction). GPP b
σ s were consistently higher in summer than in spring, autumn, and winter
(Fig. 2B). Mean GPP was signiﬁcantly positively related to
LUS (χ21df = 17.51, p < 0.0001) and signiﬁcantly aﬀected by
season (χ23df = 407.9, p < 0.0001), with higher GPP in summer than in spring, autumn, and winter, and no LUS ×
season interaction (χ23df = 6.300, p = 0.10) (Fig. 2C).
Landuse eﬀects on variation in ER were more apparent in summer than in autumn or spring, and diﬀerences
among sites were not evident in winter. The relationship

Table 3. Summary of daily range in dissolved O2 (DO) at 13 study streams in the Auckland region ordered from high-tolow landuse stress score during 2009–2011, and gross primary productivity (GPP) and ecosystem respiration (ER) calculated at
the same sites during 2003–2011. N = number of weeks, b
σ = standard deviation (within-week variability).
Daily range in DO
(mg/L)

Metabolism

GPP (g O2 m−2 d−1)

ER (g O2 m−2 d−1)

Site

N

Mean

N

Mean

b
σ

Mean

b
σ

Puhinui
Waitangi
Ngakaroa
Kumeu
Kaukapakapa
Kaipara
Rangitopuni
Wairoa
Ararimu
Hoteo
Mahurangi
Vaughan
West Hoe

12
12
12

6.49
2.98
1.90

10
12
11
11
11
11
11
12
8

0.94
0.97
0.74
1.29
1.09
1.17
2.56
3.27
0.30

26
15
35
29
29
28
16
22
29
25
15
13
16

12.57
9.19
2.82
7.87
2.9
2.15
0.70
2.70
2.59
3.78
2.15
3.36
0.05

3.14
1.38
0.5
1.85
0.97
0.68
0.24
0.58
0.45
0.72
0.35
0.79
0.02

14.11
29.56
8.61
26.03
11.11
10.9
7.25
6.01
12.29
4.44
3.61
16.29
1.78

3.22
4.19
1.29
6.24
2.91
3.34
2.34
1.21
1.72
1.06
0.64
3.18
0.47

This content downloaded from 131.181.108.090 on June 28, 2017 18:38:58 PM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).

Volume 35

December 2016

|

1169

Table 4. Spearman rank correlation coeﬃcients (rs) of relationships between a landuse stress (LUS) score, environmental descriptors,
and stream metabolism at each site. N = number of sites. DO range = daily range in dissolved O2 concentrations (where N = N– 1),
GPP = gross primary production, ER = ecosystem respiration, b
σ = standard deviation (reﬂecting within-week variability), MCI =
macroinvertebrate community index, E. coli = Escherichia coli, SRP = soluble reactive P. * = p < 0.1, ** = p < 0.05, *** = p < 0.01.
Variable

N

Catchment descriptors
LUS score
Catchment area
Reach descriptors
% riparian shade
Riparian condition
Water quality
MCI
E. coli
Total P
SRP
Total N
NO2+NO3-N
Water temperature

LUS score

DO range

GPP mean

GPP b
σ

ER mean

ER b
σ

13
13

−0.03

0.29
−0.30

0.59**
−0.15

0.63**
−0.07

0.59**
−0.24

0.67**
−0.04

13
13

−0.47
−0.60**

−0.74***
−0.66**

−0.73***
−0.73***

−0.70***
−0.66**

−0.48*
−0.58**

−0.49*
−0.48*

8
11
11
11
9
11
13

−0.71**
0.28
0.03

−0.93***
0.50
−0.12
−0.24
0.33
0.38
0.71**

−0.95***
0.24
0.10
0.12
0.72**
0.56*
0.64**

−0.86***
0.55*
0.16
0.17
0.65**
0.46
0.60**

−0.81**
0.69**
0.0
−0.06
0.61**
0.41
0.28

−0.81**
0.64**
0.15
0.08
0.71**
0.37
0.28

0.92***
0.83***
0.18

between ER b
σ and LUS diﬀered among seasons (LUS ×
σ was not
season interaction: χ23df = 14.0, p = 0.003). ER b
related to LUS in winter (χ21df = 2.6, p = 0.11) but was
signiﬁcantly positively related to LUS in the other
seasons, most strongly in summer (Table 5, Fig. 2D). The
strength of the relationship of mean ER and LUS diﬀered
among seasons (LUS × season interaction: χ23df = 73.1,
p < 0.00001), with ER signiﬁcantly positively related to
LUS in all seasons, with the strongest relationship in summer, the weakest in winter, and similar and intermediate
relationships in spring and autumn (Table 5, Fig. 2E).

Omitting West Hoe (LUS = 0) from the analysis made no
diﬀerence in the results for any response variable.

DISCUSSION
Metabolic variability as an indicator
of landuse disturbance
Greater temporal variation in GPP and ER was directly
related to greater landuse intensity at our 13 study sites.
Previous investigators observed increasing variance associated with higher rates of stream metabolism (Roberts et al.

Table 5. Seasonal coeﬃcients in the relationship between a landuse stress score and dissolved O2 (DO)
range, mean, and standard deviation (b
σ ) in ecosystem respiration (ER). A common coeﬃcient suﬃces to
describe the relationship with landuse stress across all seasons for gross primary production (GPP)
mean (coeﬃcient = 0.984, standard error [SE] = 0.161) and GPP b
σ (coeﬃcient = 0.869, SE = 0.138).
Response variable
DO range

ER mean

ER b
σ

Season

Coeﬃcient

SE

χ2, 1 df

p

Summer
Autumn
Winter
Spring
Summer
Autumn
Winter
Spring
Summer
Autumn
Winter
Spring

0.639
0.516
0.254
0.476
0.737
0.420
0.304
0.489
0.696
0.681
0.237
0.389

0.164
0.139
0.149
0.204
0.160
0.141
0.136
0.004
0.207
0.231
0.140
0.146

9.107
8.686
2.579
4.425
12.109
6.651
4.243
7.669
7.956
6.242
2.598
5.703

0.002
0.003
0.108
0.035
<0.001
0.010
0.039
0.006
0.005
0.012
0.107
0.017
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Figure 2. Fitted relationships between landuse stress (LUS) score and daily range in dissolved O2 (DO) (n = 133) (A), standard
deviation (b
σ) of gross primary productivity (GPP) (B), mean GPP (C), standard deviation (b
σ) in ecosystem respiration (ER) (D), and
mean ER (E). n = 298 for metabolism metrics.

2007, Gerull et al. 2012) but did not compare metabolic
variability across a landuse gradient. Clapcott and Barmuta
(2010) observed an increase in dispersion (robust estimate
of variance) and mean patch-scale GPP and net daily metabolism in small headwater streams in response to forest
harvest. They attributed the short-term forestry eﬀect to
changes in catchment vegetation, canopy cover, and substrate composition. However, Clapcott and Barmuta (2010)
speciﬁcally reported spatial rather than temporal variance
in stream metabolism. In comparison, Houser et al. (2005)

observed a seasonal eﬀect in the relationship between ER
and catchment disturbance in headwater streams. ER decreased signiﬁcantly with increasing disturbance in winter,
spring, and summer, but not in autumn (Houser et al.
2005). They did not speciﬁcally test metabolic variance in
response to land use, but their results showed decreased
seasonal variability in ER at sites with high landuse disturbance, whereas GPP was consistently low. Houser et al.
(2005) suggested that a decrease in coarse woody debris
and the organic material it traps was the mechanism by
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which catchment disturbance led to decreased ER, which
was mediated seasonally by the availability of labile organic
matter from deciduous vegetation and storm ﬂows. In our
study, both GPP and ER varied more within and among
seasons at sites with higher LUS scores. Associated with
higher LUS scores were higher mean N concentrations and
lower riparian condition and shade values (Table 4). Increased variance associated with higher nutrients and reduced shading is not surprising because stream productivity
depends on aquatic plant biomass, which can change rapidly in response to temporal ﬂuctuations in these limiting
factors (Rosemond et al. 2000, Hill et al. 2001).
Higher ﬂow variability in unregulated rivers also is associated with increased urban land use (Poﬀ et al. 2006)
and is a major driver of temporal variability in plant biomass and stream metabolism (Uehlinger 2006). However,
the eﬀects of ﬂow variability were not completely assessed
in our study, and immediate ﬂow eﬀects were avoided by
sampling during periods of stable ﬂow. Even so, our results
are likely to show some inﬂuence of ﬂow history because
ﬂood events help shape the metabolic template (Biggs 1995).
Our results are consistent with an early study that suggested
temporal variability of community metabolism is a good indicator of eutrophication potential and general water quality
(Hornberger et al. 1977).
Larger rivers are thought to have more consistent temporal patterns in metabolism than smaller rivers and streams,
and very small within-week variance was observed in a 2-y
study of the Mississippi and Chattahoochee Rivers (Dodds
et al. 2013). In our study, mean rates and temporal variability in stream metabolism were not associated with catchment area, and highest and lowest LUS scores occurred in
mid-order streams. This result suggests that the relationship between landuse eﬀects and metabolism is likely to
exist across a range of stream sizes, at least up to 5th-order
streams, overriding any patterns expected based on position in the steam network (cf. Vannote et al. 1980). This
result supports the application of stream metabolism as a
stream-health indicator, where a predictable response to
landuse gradients across a range of river sizes is ideal (e.g.,
Clapcott et al. 2010, Collier et al. 2013).
In our study streams, landuse eﬀects on metabolic variability were more apparent in summer than in autumn or
spring, and diﬀerences among sites were least evident in
winter. For GPP, the relative diﬀerence in variability among
seasons was consistent (i.e., parallel ﬁtted slopes in Fig. 2B),
but the log-link function means that the diﬀerence in absolute values increased among seasons along the landuse gradient. For example, GPP b
σs were 2.5× greater in summer
than winter at the most-aﬀected site, yet were similar at the
least-aﬀected site. These ﬁndings could indicate that temperature and light limit GPP in winter regardless of landuse status. This hypothesis is supported by the correlation
between GPP (b
σs and means) and mean monthly water
temperature, which was not related to LUS score. The hypothesis is further supported by results of previous studies,
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for which authors have described a strong relationship between low GPP and low light levels in winter (Roberts et al.
2007, Benson et al. 2013). For ER, both relative and absolute values of variability diﬀered among seasons. The lack
of a relationship between ER and temperature and the
nonsigniﬁcant eﬀect of land use on ER in winter further
suggests that seasonal variability in ER at the study sites is
driven by autotrophic productivity (Beaulieu et al. 2013).
Griﬃths et al. (2013) also observed strong seasonality in
the ecosystem metabolism of agricultural streams dominated
by autotrophic productivity, which was associated with water temperature and light availability. Increased seasonal
variation associated with land use has implications for ecosystem health assessment and could be used to inform targeted monitoring. Our results indicate that summer is the
best time to identify landuse eﬀects when using stream metabolism as an indicator of ecosystem health. Both GPP and
ER mean values were strongly related to the landuse eﬀect in
summer, yet day-to-day variance in GPP and ER also was
high in summer. Thus, obtaining a robust estimate of mean
metabolic rates for stream health assessment will require
multiple consecutive days of sampling. However, seasonal
measurements provide information on the range of conditions to which stream organisms are subject, and greater
seasonal variability is indicative of increased stress.

Metabolic variability to characterize
the stream environment
Daily variations in DO show that, at times, the physicochemical properties of our study streams represent severe
impairment for in-stream biota, e.g., <4 mg/L for ﬁshes
(USEPA 1986), with summer DO minima, in particular,
averaging <2 mg/L at 4 of the most landuse-impacted
study sites. The limiting eﬀect of DO on organisms was
suggested by a strong correlation between increasing daily
DO range and the MCI metric (lower MCI values indicate
a more impaired macroinvertebrate community). We suggest that DO limitation may be one pathway by which
land use aﬀects stream macroinvertebrate communities,
but another pathway associated with the LUS score is increased nutrients, which together with increased sediment
aﬀects resource and habitat availability for macroinvertebrates (Allan 2004, Townsend et al. 2008). The daily variation in DO was strongly correlated with GPP but less
strongly correlated with ER (GPP: rs = 0.878, ER: rs =
0.591, n = 132), given similar values of k, suggesting that
daily variation in DO provides a good estimate of GPP
(Mulholland et al. 2005) but is not a good approximation
of ER in these streams.
Seasonal variation in metabolism provides insight into
the limiting factors controlling stream function on an annual basis (nutrients, temperature, and riparian conditions
in our study streams). The least-disturbed site (West Hoe),
which showed low metabolic variation, has a dense evergreen riparian corridor that is likely to buﬀer the eﬀect of
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increased light and temperature in warmer months. Hence,
reduced metabolic variability indicated a relatively constant
in-stream environment. In contrast, sites with high seasonal
variability in metabolism had high seasonal variability in
physicochemical properties, such as temperature, nutrients,
and probably light and organic matter inputs as indicated
by poorer riparian conditions. Our ﬁndings support 2 important tenets: 1) Riparian buﬀers are likely to moderate the
negative eﬀects of land use on stream function (e.g., Bunn
et al. 1999). 2) Calculation of stream C budgets requires, at
minimum, seasonal measurements, especially in disturbed
streams (e.g., Griﬃths et al. 2013).
Seasonal variation in metabolism also may characterize
the resilience of streams to future disturbances. In our
study, stream metabolism was intentionally measured at
times when ﬂow eﬀects would be minimal. Nevertheless,
high temporal variability in metabolism was evident at sites
with increased LUS scores. Stressed study streams probably are subject to even greater variability in metabolic rates
at times of episodic storm events. For example, in a 2-y
study of a forested headwater stream, episodic storms
caused metabolic variability by initially decreasing but then
stimulating ER, whereas storms depressed GPP in spring
by scouring algae but increased GPP in autumn by clearing
coarse benthic organic matter (Roberts et al. 2007). Resistance and resilience were not characterized in our study
by measuring the temporal responses to pulse disturbances
as has been done by others (Uehlinger and Naegeli 1998,
O’Connor et al. 2012), but high seasonal variability in
stressed streams may reﬂect eroded resistance and resilience to variation in other environmental controls, e.g., light
and nutrients (Biggs et al. 1999). In our study, streams subject to LUS experienced high variability in stream metabolism even under baseﬂow conditions.
Metabolic variability and ecosystem stability
Resilience theory suggests that unstable ecosystems are
more variable over time than stable ecosystems and that
increased variability may indicate an impending state
change (Gunderson 2000). However, no empirical evidence
in our or any other published study (Capon et al. 2015) has
been found to suggest that variability in river function decreases with increased disturbance beyond a certain threshold, which would be indicative of a new stable state where
internal processes rather than external forces drive metabolism. Instead, we observed increasing temporal variability
in stream metabolism associated with increasing LUS
along a 3-fold gradient of stress equivalent to loss of 4 to
99% natural vegetation cover and an increase from 0 to
43% urban cover. If one adopts a space-for-time view, our
results show that streams subject to increasing LUS become increasingly unstable, but this instability may not reﬂect an impending state change, possibly because of the
capacity of stream ecosystems to operate far from equilibrium (O’Neill 2001).

Streams might not be subject to regime shifts as most
commonly deﬁned (Beisner et al. 2003), unless they undergo signiﬁcant structural change that limits their ability
to function within a deﬁned domain, i.e., maintain homeostasis. For example, damming would change a lotic waterway to lentic water body and lead to the succession of a
new biotic community with internal feedback mechanisms
that would be characterized by diﬀerent metabolic processes. In contrast, waterways that are naturally subject to
cease-to-ﬂow events, such as arid rivers, maintain communities that have the adaptive capacity to assimilate environmental change over a longer time frame. This statement
does not mean that anthropogenic disturbance cannot affect such ecosystems, as evidenced by the eﬀect of land
use on dryland river metabolism (Fellows et al. 2009). Last,
as an ecosystem-level measure, stream metabolism integrates variability observed at lower hierarchical levels (sensu
Pickett et al. 1989), and may not provide an early warning
tool of an impending state change (Batt et al. 2013). However, as demonstrated by the increased mean rates and
metabolic variability, the streams in our study are clearly
stressed by human land use, and this stress may make them
vulnerable to cumulative press or pulse disturbances arising
from future landuse intensiﬁcation or climate change. Only
long-term temporal monitoring can provide the data to
assess such responses.
Conclusion
Our study showed an increase in the temporal variability of stream metabolism associated with an increase in
landuse intensity, and this relationship has important consequences for characterizing the in-stream environment,
assessing stream health, and ecosystem stability. Increased
metabolic rates led to a higher daily range in DO concentration to the degree that the in-stream environment regularly failed to meet life-supporting capacity. Decreased riparian quality and increased nutrient concentrations were
indicative of increased LUS and appear to facilitate increased temporal variability in stream metabolism. The vulnerability of landuse-stressed streams to ﬂow pulse disturbances requires further testing because increased metabolic
variability appears to typify unstable systems. Despite increased variability and potentially reduced resilience, our
data did not identify a threshold of change, perhaps illustrating the adaptive capacity of lotic environments, at least
on a medium time scale.
AC KNOW LE DGEMENTS
We are grateful to the Environmental Monitoring Team of
Auckland Council for collecting and managing the continuous
DO data. We thank Associate Editor Robert Hall and Annika
Wagenhoﬀ for editorial comments. We thank Simon Wotherspoon (Institute for Marine and Antarctic Studies, University of
Tasmania) for further advice on GLMMs. Manuscript preparation was funded in part by Ministry of Business, Innovation

This content downloaded from 131.181.108.090 on June 28, 2017 18:38:58 PM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).

Volume 35

and Employment Contract C01X1002, Auckland Council, and
the Cawthron Institute.

L I T E R AT U R E CI T E D
Acuña, V., A. Giorgi, I. Muñoz, U. Uehlinger, and S. Sabater.
2004. Flow extremes and benthic organic matter shape the
metabolism of a headwater Mediterranean stream. Freshwater Biology 49:960–971.
Allan, J. D. 2004. Landscapes and riverscapes: the inﬂuence of
land use on stream ecosystems. Annual Review of Ecology,
Evolution, and Systematics 35:257–284.
Atkinson, B. L., M. R. Grace, B. T. Hart, and K. E. N. Veanderkruk. 2008. Sediment instability aﬀects the rate and location of primary production and respiration in a sand-bed
stream. Journal of the North American Benthological Society
27:581–592.
Bates, D., M. Maechler, B. Bolker, and S. Walker. 2014. lme4:
linear mixed-eﬀects models using Eigen and S4. R package
version 1.1-7. R Project for Statistical Computing, Vienna,
Austria. (Available from: http://CRAN.R-project.org/package
=lme4)
Batt, R. D., S. R. Carpenter, J. J. Cole, M. L. Pace, and R. A.
Johnson. 2013. Changes in ecosystem resilience detected in
automated measures of ecosystem metabolism during a wholelake manipulation. Proceedings of the National Academy of
Sciences of the United States of America 110:17398–17403.
Beaulieu, J. J., C. P. Arango, D. A. Balz, and W. D. Shuster.
2013. Continuous monitoring reveals multiple controls on ecosystem metabolism in a suburban stream. Freshwater Biology
58:918–937.
Beisner, B. E., D. T. Haydon, and K. Cuddington. 2003. Alternative stable states in ecology. Frontiers in Ecology and the
Environment 1:376–382.
Benson, E. R., M. S. Wipﬂi, J. E. Clapcott, and N. F. Hughes.
2013. Relationships between ecosystem metabolism, benthic
invertebrate densities, and environmental variables in a subarctic Alaskan river. Hydrobiologia 701:189–207.
Biggs, B. J. F. 1995. The contribution of ﬂood disturbance, catchment geology and land use to the habitat template of periphyton in stream ecosystems. Freshwater Biology 33:419–438.
Biggs, B. J. F., N. C. Tuchman, R. L. Lowe, and R. J. Stevenson.
1999. Resource stress alters hydrological disturbance eﬀects
in a stream periphyton community. Oikos 85:95–108.
Bott, T. L., D. S. Montgomery, J. D. Newbold, D. B. Arscott, C. L.
Dow, A. K. Aufdenkampe, J. K. Jackson, and L. A. Kaplan.
2006. Ecosystem metabolism in streams of the Catskill Mountains (Delaware and Hudson watersheds) and Lower Hudson
Valley. Journal of the North American Benthological Society
25:1018–1044.
Bunn, S. E., and P. M. Davies. 2000. Biological processes in running waters and their implications for the assessment of ecological integrity. Hydrobiologia 422/423:61–70.
Bunn, S. E., P. M. Davies, and T. D. Mosisch. 1999. Ecosystem
measures of catchment health and their response to riparian
and catchment degradation. Freshwater Biology 41:333–345.
Capon, S. J., A. J. J. Lynch, N. Bond, B. C. Chessman, J. Davis, N.
Davidson, M. Finlayson, P. A. Gell, D. Hohnberg, C. Humphrey, R. T. Kingsford, D. Nielsen, J. R. Thomson, K. Ward,
and R. Mac Nally. 2015. Regime shifts, thresholds and multiple stable states in freshwater ecosystems; a critical appraisal

December 2016

|

1173

of the evidence. Science of the Total Environment 534:22–
130.
Clapcott, J. E., and L. A. Barmuta. 2010. Forest clearance increases metabolism and organic matter processes in small
headwater streams. Journal of the North American Benthological Society 29:546–561.
Clapcott, J. E., R. G. Young, E. O. Goodwin, and J. R. Leathwick.
2010. Exploring the response of functional indicators of stream
health to land-use gradients. Freshwater Biology 55:2181–2199.
Collier, K. J. 2008. Temporal patterns in the stability, persistence
and condition of stream macroinvertebrate communities: relationships with catchment land-use and regional climate.
Freshwater Biology 53:603–616.
Collier, K. J., J. E. Clapcott, M. P. Hamer, and R. G. Young.
2013. Extent estimates and land cover relationships for functional indicators in non-wadeable rivers. Ecological Indicators
34:53–59.
Dodds, W. K., A. M. Veach, C. M. Ruﬃng, D. M. Larson, J. L.
Fischer, and K. H. Costigan. 2013. Abiotic controls and temporal variability of river metabolism: multiyear analyses of
Mississippi and Chattahoochee River data. Freshwater Science 32:1073–1087.
Feio, M. J., T. Alves, M. Boavida, A. Medeiros, and M. A. S.
Graça. 2010. Functional indicators of stream health: a riverbasin approach. Freshwater Biology 55:1050–1065.
Fellows, C. S., S. E. Bunn, F. Sheldon, and N. J. Beard. 2009.
Benthic metabolism in two turbid dryland rivers. Freshwater
Biology 54:236–253.
Fellows, C. S., J. E. Clapcott, J. W. Udy, S. E. Bunn, B. D. Harch,
M. J. Smith, and P. M. Davies. 2006. Benthic metabolism as
an indicator of stream ecosystem health. Hydrobiologia 572:
71–87.
Folke, C., S. Carpenter, B. Walker, M. Scheﬀer, T. Elmqvist, L.
Gunderson, and C. S. Holling. 2004. Regime shifts, resilience,
and biodiversity in ecosystem management. Annual Review of
Ecology, Evolution, and Systematics 35:557–581.
Fraterrigo, J. M., and J. A. Rusak. 2008. Disturbance-driven
changes in the variability of ecological patterns and processes.
Ecology Letters 11:756–770.
Gelroth, J. V., and G. R. Marzolf. 1978. Primary production and
leaf-litter decomposition in natural and channelized portions
of a Kansas stream. American Midland Naturalist 99:238–
243.
Gerull, L., A. Frossard, M. Gessner, and M. Mutz. 2012. Eﬀects
of shallow and deep sediment disturbance on whole-stream
metabolism in experimental sand-bed ﬂumes. Hydrobiologia
683:297–310.
Gessner, M. O., and E. Chauvet. 2002. A case for using litter
breakdown to assess functional stream integrity. Ecological
Applications 12:498–510.
Griﬃths, N. A., J. L. Tank, T. V. Royer, S. S. Roley, E. J. RosiMarshall, M. R. Whiles, J. J. Beaulieu, and L. T. Johnson.
2013. Agricultural land use alters the seasonality and magnitude of stream metabolism. Limnology and Oceanography
58:1513–1529.
Gücker, B., I. G. Boëchat, and A. Giani. 2009. Impacts of agricultural land use on ecosystem structure and whole-stream
metabolism of tropical Cerrado streams. Freshwater Biology
54:2069–2085.
Gunderson, L. H. 2000. Ecological resilience—in theory and application. Annual Review of Ecology and Systematics 31:425–439.

This content downloaded from 131.181.108.090 on June 28, 2017 18:38:58 PM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).

1174

| Metabolic variability and land use

J. E. Clapcott et al.

Hill, W. R., P. J. Mulholland, and E. R. Marzolf. 2001. Stream
ecosystem responses to forest leaf emergence in spring.
Ecology 82:2306–2319.
Hornberger, G. M., M. G. Kelly, and B. Cosby. 1977. Evaluating
eutrophication potential from river community productivity.
Water Research 11:65–69.
Houser, J. N., P. J. Mulholland, and K. O. Maloney. 2005.
Catchment disturbance and stream ecosystem metabolism:
patterns in ecosystem respiration and gross primary production along a gradient of upland soil and vegetation disturbance. Journal of the North American Benthological Society
24:538–552.
Kilpatrick, F. A., R. E. Rathbun, N. Yotsukura, G. W. Parker,
and L. L. DeLong. 1989. Determination of stream reaeration
coeﬃcients by use of tracers. US Geological Survey, Denver,
Colorado.
Lake, P. S. 2000. Disturbance, patchiness, and diversity in streams.
Journal of the North American Benthological Society 19:573–
592.
Marcarelli, A. M., R. W. V. Kirk, and C. V. Baxter. 2010.
Predicting eﬀects of hydrologic alteration and climate change
on ecosystem metabolism in a western U.S. river. Ecological
Applications 20:2081–2088.
Mulholland, P. J., J. N. Houser, and K. O. Maloney. 2005.
Stream diurnal dissolved oxygen proﬁles as indicators of instream metabolism and disturbance eﬀects: Fort Benning as
a case study. Ecological Indicators 5:243–252.
Neale, M. W. 2012. State of the Environment Monitoring: River
Water Quality Annual Report 2010. Technical Report 2012/
006. Auckland Council, Auckland, New Zealand.
O’Connor, B. L., J. W. Harvey, and L. E. McPhillips. 2012.
Thresholds of ﬂow-induced bed disturbances and their effects on stream metabolism in an agricultural river. Water
Resources Research 48. doi:10.1029/2011wr011488
O’Neill, R. V. 2001. Is it time to bury the ecosystem concept?
(With full military honors, of course!). Ecology 82:3275–3284.
Owens, M. 1974. Measurements of non-isolated natural communities in running waters. Pages 111–119 in R. A. Vollenweider
(editor). A manual on methods for measuring primary production in aquatic environments. Blackwell Scientiﬁc Publications,
Oxford, UK.
Palmer, M. A., and C. M. Febria. 2012. The heartbeat of ecosystems. Science 336:1393–1394.
Phinney, H. K., and C. D. McIntire. 1965. Eﬀect of temperature
on metabolism of periphyton communities developed in laboratory streams. Limnology and Oceanography 10:341–344.
Pickett, S. T. A., J. Kolasa, J. J. Armesto, and S. L. Collins. 1989.
The ecological concept of disturbance and its expression at
various hierarchical levels. Oikos 54:129–136.
Pinheiro, J. C., and D. M. Bates. 2000. Mixed-eﬀects models in
S and S-Plus. Springer–Verlag, New York.
Poﬀ, N. L., B. P. Bledsoe, and C. O. Cuhaciyan. 2006. Hydrologic
variation with land use across the contiguous United States:
geomorphic and ecological consequences for stream ecosystems. Geomorphology 79:264–285.
Roberts, B. J., P. J. Mulholland, and W. R. Hill. 2007. Multiple
scales of temporal variability in ecosystem metabolism rates:
results from 2 years of continuous monitoring in a forested
headwater stream. Ecosystems 10:588–606.

Rosemond, A. D., P. J. Mulholland, and S. H. Brawley. 2000.
Seasonally shifting limitation of stream periphyton: response
of algal populations and assemblage biomass and productivity to variation in light, nutrients, and herbivores. Canadian
Journal of Fisheries and Aquatic Sciences 57:66–75.
Scheﬀer, M., J. Bascompte, W. A. Brock, V. Brovkin, S. R. Carpenter, V. Dakos, H. Held, E. H. van Nes, M. Rietkerk, and
G. Sugihara. 2010. Early-warning signals for critical transitions.
Nature 461:53–59.
Stark, J. D., I. K. G. Boothroyd, J. S. Harding, J. R. Maxted, and
M. R. Scarsbrook. 2001. Protocols for sampling macroinvertebrates in wadeable streams. New Zealand Working Group
Report No. 1. Sustainable Management Fund Project No.
5103. Ministry for the Environment, Wellington, New Zealand.
(Available from: http://www.mfe.govt.nz/publications/fresh
-water-environmental-reporting/protocols-sampling-macroin
vertebrates-wadeable)
Stark, J. D., and J. R. Maxted. 2007. A user guide for the macroinvertebrate community index. Prepared for Ministry for the
Environment, Cawthron Report no. 1166. Cawthron Institute, Nelson, New Zealand. (Available from: http://www.mfe
.govt.nz/publications/freshwater-publications/user-guide-ma
croinvertebrate-community-index)
Storey, R. G., M. W. Neale, D. K. Rowe, K. J. Collier, C. Hatton,
M. K. Joy, J. R. Maxted, S. Moore, S. M. Parkyn, N. Phillips,
and J. M. Quinn. 2011. Stream Ecological Valuation (SEV): a
method for assessing the ecological function of Auckland
streams. Technical Report 2011/009. Auckland Council, Auckland, New Zealand.
Townsend, C. R., S. S. Uhlmann, and C. D. Matthaei. 2008. Individual and combined responses of stream ecosystems to multiple stressors. Journal of Applied Ecology 45:1810–1819.
Uehlinger, U. 2000. Resistance and resilience of metabolism in
a ﬂood-prone river system. Freshwater Biology 45:319–332.
Uehlinger, U. 2006. Annual cycle and inter-annual variability of
gross primary production and ecosystem respiration in a ﬂoodprone river during a 15-year period. Freshwater Biology 51:
938–950.
Uehlinger, U., B. Kawecka, and C. T. Robinson. 2003. Eﬀects of
experimental ﬂoods on periphyton and stream metabolism below a high dam in the Swiss Alps (River Spöl). Aquatic Sciences 65:199–209.
Uehlinger, U., and M. W. Naegeli. 1998. Ecosystem metabolism, disturbance, and stability in a prealpine gravel bed river.
Journal of the North American Benthological Society 17:165–
178.
USEPA (US Environmental Protection Agency). 1986. Ambient
water quality criteria for dissolved oxygen. EPA 440/5-86-001.
US Environmental Protection Agency, Washington, DC.
Vannote, R. L., G. W. Minshall, K. W. Cummins, J. R. Sedell,
and C. E. Cushing. 1980. The river continuum concept. Canadian Journal of Fisheries and Aquatic Sciences 37:130–
137.
Wiley, M. J., L. L. Osborne, and R. W. Larimore. 1990. Longitudinal structure of an agricultural prairie river system and its
relationship to current stream ecosystem theory. Canadian
Journal of Fisheries and Aquatic Sciences 47:373–384.
Young, R. G., and K. J. Collier. 2009. Contrasting responses to
catchment modiﬁcation among a range of functional and struc-

This content downloaded from 131.181.108.090 on June 28, 2017 18:38:58 PM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).

Volume 35

tural indicators of river ecosystem health. Freshwater Biology
54:2155–2170.
Young, R. G., and A. D. Huryn. 1996. Interannual variation in
discharge controls ecosystem metabolism along a grassland
river continuum. Canadian Journal of Fisheries and Aquatic
Sciences 53:2199–2211.
Young, R. G., and A. D. Huryn. 1999. Eﬀects of land use on
stream metabolism and organic matter turnover. Ecological
Applications 9:1359–1376.

December 2016

|

1175

Young, R. G., C. D. Matthaei, and C. R. Townsend. 2008.
Organic matter breakdown and ecosystem metabolism:
functional indicators for assessing river ecosystem health.
Journal of the North American Benthological Society 27:605–
625.
Zuur, A. F., J. M. Hilbe, and E. N. Ieno. 2013. A beginner’s
guide to GLM and GLMM with R. A frequentist and Bayesian perspective for ecologists. Highland Statistics, Newburgh, UK.

This content downloaded from 131.181.108.090 on June 28, 2017 18:38:58 PM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).

