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Abstract
To characterize the spatial variability of metabolism estimates (gross primary production [GPP], respiration
[R], and net ecosystem production [NEP]) in two Northern Wisconsin lakes, we collected data from 27 and 35
dissolved oxygen sensors placed in a two-dimensional array throughout the upper mixed layers over a period of
10 d per lake in midsummer. Averaged over the deployment, aerial metabolism estimates among sensor locations
varied 1–2 orders of magnitude and were largely unrelated to physical habitat within the lake. For all sites and
days, 76–90% of the explainable variance in GPP and R was attributable to location in the lake rather than day of
the deployment. NEP, on the other hand, was less affected by location, with 79–93% of the explained variance
attributable to the day of the deployment. Single-location estimates can yield errors of more than an order of
magnitude in estimates of daily GPP and R and can mischaracterize the trophic status of the lake. Using a
rarefaction approach, we found that using four randomly placed sensors increased the precision of the resulting
daily metabolism estimates fourfold over single-location measures in both lakes.

Ecosystem metabolism is fundamentally important to
the understanding of ecosystem function and has been a
topic of research for decades (Odum 1957a; Fisher and
Likens 1973; Hanson et al. 2003). Interest in aquatic
metabolism has further increased in recent years with the
recognition that aquatic ecosystems, despite their small
footprint, can act as hot spots of carbon cycling on the
landscape, both as storage reservoirs and rapid processors
of terrestrially fixed carbon (Cole et al. 2007). Measurements of metabolism have been made using a variety of
approaches, each with its own advantages and difficulties.
Early labor-intensive free-water methods (Odum 1956,
1957b) were eclipsed by 14C methods for primary production with a promise of higher sensitivity and a more direct
link to the underlying physiological mechanisms. Over the
past 15 yr, technological improvements in dissolved oxygen
sensors have led to a renewed interest in free-water methods
for estimating gross primary production (GPP), respiration
(R), and net ecosystem production (NEP).
Despite the current widespread use of free-water
approaches, questions related to the interpretation of freewater metabolism estimates remain (Van de Bogert et al.
2007; Staehr et al. 2010). Following a long tradition of
sampling lakes at their deepest point, free-water studies of
metabolism often use a single oxygen sensor. This approach
has the implicit assumption that metabolism estimates from
a central location will be representative of at least the
pelagic zone, if not the entire epilimnion. Despite the
recognition of biological and physical heterogeneity between and within pelagic and littoral habitats, the cost of
obtaining and maintaining automated sampling devices
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often precludes sampling across known and unknown
gradients of heterogeneity. For example, many studies have
identified differences between pelagic and littoral habitats
with respect to both primary and secondary production
(Lindeman 1942; Wetzel 1995; Vadeboncoeur et al. 2002).
Within littoral zones, patchiness of benthic substrate types
may drive spatial heterogeneity in rates of metabolism
(Vadeboncoeur and Lodge 2000; Lauster et al. 2006;
Vadeboncoeur et al. 2006). In pelagic zones, studies have
shown that even moderate physical forcing can create
patches of differing nutrient concentrations and abundances of producers and consumers (Caron et al. 2008; Blukacz
et al. 2010; Mackay et al. 2011). Despite recognition of this
underlying heterogeneity, the use of single sensors has
dominated free-water metabolism studies because of their
high cost, the time investment necessary for calibration and
maintenance, and uncertainty in the added value of
sampling more broadly. Still, studies using free-water
measurements at multiple sites are beginning to demonstrate marked spatial differences in metabolism estimates.
These studies have largely focused on differences between
littoral and pelagic zones but have also noted 2–3-fold
variation among estimates from different sites within a
given habitat (Van de Bogert et al. 2007; Sadro et al. 2011).
In addition to spatial patterns in lake metabolism, recent
studies have drawn attention to the often quite large, and
unexplained, day-to-day variability in metabolism estimates from measurements made at a single location (Staehr
and Sand-Jensen 2007; Staehr et al. 2010; Coloso et al.
2011). Both Staehr and Sand-Jensen (2007) and Coloso
et al. (2011) used multiple regression models to predict
summertime GPP, R, and NEP, using several biological
and physical predictors (e.g., chlorophyll a, zooplankton
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