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Carbonuse efficiency and storage
in terrestrial ecosystems
Carbon use efficiency (CUE) may be a critical control on carbon
(C) storage in ecosystems (Allison et al., 2010; Ise et al., 2010;
Manzoni et al., 2012). This physiological parameter is broadly
defined as the proportion of C acquired from the environment that
is used for growth (Ise et al., 2010;Manzoni et al., 2012). A value of
0.6 indicates that 60% of acquired C is allocated to biomass. A
higher value of CUE then translates to greater growth per unit C
acquired meaning that, if all else is equal, more C is available to
higher trophic levels, detrital pathways and potentially for
ecosystem storage. The value of CUE is sensitive to environmental
conditions and hence environmental change. For example, higher
temperatures reduce CUE and higher nitrogen availabilities
increase it (Vicca et al., 2012; Crowther &Bradford, 2013; Tucker
et al., 2013; Zha et al., 2013). Terrestrial C-cycling models,
however, typically assume fixed values of CUE (DeLucia et al.,
2007). This assumption calls into question the validity of
projections from these models because when CUE is allowed to
vary – as observed in situ – then modeled biomass growth and C
storage differ markedly from ‘fixed-CUE’ scenarios (Allison et al.,
2010). In this issue of New Phytologist, Street et al. (pp. 163–175)
build on this growing interest in how CUE responds to environ-
mental change. Theywork in the European subarctic and show that
mosses – a plant functional type abundant in high latitude systems
but not represented in land system models (Oleson et al., 2010) –
have CUE values greater than those observed for vascular plants
(Amthor, 2000). The result is that when mosses are factored into
the CUE estimate of their dwarf-shrub ecosystem, values range
from 0.58 to 0.74. When mosses are omitted, the estimate is 0.47,
more in line with the mean CUE of 0.52 observed across terrestrial
ecosystems worldwide (Zhang et al., 2009). Street et al.’s work
therefore suggests that the C metabolism of arctic ecosystems may,
as these regions warm, tip proportionally more toward respiration
than growth because of the direct effects of temperature on CUE
and the indirect effects of vascular plants replacing mosses.

Carbon use efficiency is a conceptually simple parameter. The
reality of measuring CUE is, however, methodologically challeng-
ing because it requires measurement of both C uptake and
associated growth. These two variables are only accurately
measured under highly controlled, laboratory conditions. In
natural ecosystems, plant CUE is commonly defined as the ratio
between net primary productivity (NPP) and gross primary
productivity (GPP). Here, GPP is used to estimate the amount
of C uptake and is not measured directly. It is instead derived using
eddy-covariance, remote sensing or treated as the sum of NPP and
autotrophic respiration, with the latter being scaled from leaf-level

measures (DeLucia et al., 2007; Zhang et al., 2009; Ise et al., 2010).
Growth is represented by NPP, which can be directly estimated as
the annual increment of C in wood and foliage litter. Without a
robust estimate ofCuptake, however, the accuracy of the calculated
CUE is questionable. This issue has been addressed in soil
microbial studies using substrates enriched in the heavier, stable
isotope of C (i.e. 13C). A known mass of 13C-tracer is added and
uptake estimated as the amount of 13C-label recovered in the
microbial biomass plus that respired in CO2 (Frey et al., 2013).
Overestimates in microbial CUE arise because losses through
processes such as extracellular enzyme formation and microbivory
are not accounted for. Similar loss processes from plant NPP, such
as herbivory and mycorrhizal sinks, lead to underestimates of plant
CUE, revealing the sensitivity of CUE values to the method of
estimation.

‘Carbon use efficiency is a conceptually simple parameter.

The reality of measuring CUE is, however,

methodologically challenging…’

Street et al. are sensitive to the issues involved in calculating
CUE and provide twomethods of CUE estimation for their dwarf-
shrub community. They rely on an approach similar to that used in
microbial rather than ecosystem CUE studies, tracking uptake of a
13C tracer in plant tissue and then its loss directly from the tissue or
via respiration (Fig. 1). Their data reveal that estimates of CUE are
not necessarily sensitive to the timeframe over which they are
calculated. For vascular plants we expect the amount of C
remaining from uptake to decay exponentially across time (and
hence CUE to decrease) because there is more opportunity for
losses through processes such as maintenance respiration and
herbivory. Street et al. observed this exponential decay for their
evergreen shrubs but not their mosses, highlighting that the
understanding of the C metabolism of mosses cannot be simply
inferred from vascular plants.

The differences in C metabolism between mosses and vascular
plants translated to differences in ecosystem-level CUE estimates.
Street et al. show that including mosses in ecosystem-level CUE
estimates extends the range achievable by vascular plants. Their
lower ecosystem-level CUE estimate (0.58) is identical to the
highest CUE value for a forest stand in the meta-analysis of Litton
et al. (2007). Their higher estimate (0.74) is in the highest CUE
category (i.e. > 0.7) recorded for any terrestrial ecosystem and
above CUE values observed for any other European arctic or
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subarctic system (Zhang et al., 2009). These high ecosystem-
level CUE estimates are a reflection of the fact that mosses had
species-level CUE values from 0.68 to 0.81, whereas in Amthor’s
(2000) species-level synthesis of CUE, the maximum for a vascular
plant was 0.65 (with values as low as 0.23). The high CUE values
for moss that Street et al. report may be partially due to the fact that
mosses, in contrast to vascular plants, do not allocate C to root-
related sinks such as mycorrhizas or free-living rhizosphere
microorganisms. The reason for the difference in CUE between
the two moss species is less clear. It may be a function of species
identity, or the fact that the mosses occupy different environments
(Sphagnum in wet depressions and feather mosses on dry
hummocks). Indeed, tropical forests have lower CUEs than boreal
regions because the temperature sensitivity of autotrophic respira-
tion overrides the higher intrinsic CUE of tropical vs boreal
vegetation (Ise et al., 2010). We do not know how the CUEs of
ecosystems will respond as climate and species distributions shift,
but it seems that accurate predictions will require identification of
both intrinsic species differences in CUE and those realized as a
function of environmental context.

Mosses generally have low photosynthetic rates but in Street
et al.’s ecosystem mosses were 67% of photosynthetic biomass.
Combined with their high CUE,mosses then accounted for c. 20%
of the ecosystem 13C uptake. This proportion increased with time,
with moss accounting for > 50% of the C uptake remaining in the
aboveground plants after 400 d. This phenomenon was a function
of the high retention of fixed C inmoss tissue: in Sphagnum c. 90%
of the C fixed to NPP across the first 19 d was recoverable in the
moss after > 400 d, compared with 78% and 40% for the evergreen
shrubs. The lower retention by the vascular plants is a product of C

being allocated belowground via root pathways or through inputs
of senescent foliage. Mosses then fundamentally alter long-term
(c. 1 yr) as well as short-term (days) dynamics of recent photosyn-
thateC in an ecosystem. First they shift partitioning ofC toward the
aboveground and, second, they dramatically slow the temporal
connectivity between aboveground C fixation and then delivery to
roots and belowground food webs, a connection in the order of
hours to a few days for vascular plants (Epron et al., 2012). These
disruptions to belowground C supply may have large but as yet
undemonstrated effects on soil food webs and ecosystem storage.
For example, emerging paradigms suggest that soil organisms
primarily derive their C from root inputs (Pollierer et al., 2007),

Fig. 1 The ecosystem studied by Street et al. (in this issue of New
Phytologist, pp. 163–175) is dominated by feather moss species (primarily
Pleurozium schreberi, two evergreen dwarf shrubs (Empetrum nigrum,
black crowberry; Vaccinium vitis-idaea, lingonberry) and a rhizomatous
herb (Rubus chamaemorus, cloudberry). The soils were podzols, this acidic
soil being typical for boreal and arctic regions. Street et al. took advantage of
the lowstature of the vegetation (< 0.5m) to performwhole-canopy 13CO2-
labelingof thedwarf-shrub community. The chambers, 13CO2delivery tubes
and flow regulators are shown in the photograph. They tracked the uptake
and loss of the 13C-label across > 400 d to understand how mosses altered
the ecosystem carbon use efficiency (CUE) and aboveground–belowground
partitioningof net primaryproductivity (NPP). Photograph courtesyof Lorna
E. Street.

(a)

(b)

Fig. 2 ‘The counterbalance assumption’. In ecosystem models the fraction
of acquired carbon (C) allocated to respiration commonly defines carbon use
efficiency (CUE), with higher fractions of respiratory loss leading to less C
available for growth and hence lower values of CUE. This representation has
two shortcomings. The first is that non-respired C is not allocated solely to
growth, but also to other pathways such as root exudation that may be
fundamental in determining long-term ecosystem C storage (Schmidt et al.,
2011; Vicca et al., 2012). The second shortcoming is that CUE values are
assumed to be constant, whereas we know they vary by species and
environment. Formodels toassumeaconstantvalueof ecosystemCUE (0.52
in (a) and (b)) then suggests that the CUEs of different ecosystem
compartments (e.g. plants vs the soil microbial biomass) ‘counterbalance’
one another. This means that if the CUE of plants increases (in (b)), then the
CUEof soilmicrobesmust decrease tomaintain a constant ecosystemCUEof
0.52. For example,highernitrogenavailabilitymay increaseplantCUE (Vicca
et al., 2012) and the associated decrease in root-exudate C supply (Vicca
et al., 2012) decreasemicrobial CUE (Tucker et al., 2013). Toour knowledge
the ‘counterbalance assumption’ in ecosystem models is untested.
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and that microbial uptake of these inputs is the dominant pathway
throughwhich stable soil organicC is formed (Schmidt et al., 2011;
Bradford et al., 2013). Mosses may increase ecosystem-level CUE,
but this may then translate to reduced C storage because they shift
photosynthate C allocation aboveground and hence away from
long-term stabilization as mineral-associated soil C.

Land C storage is more nuanced than the balance between C
uptake and growth by terrestrial vegetation. Indeed, land system
models account for variation in C storage resulting from how
environment and plant functional type affects partitioning of C
into biomass pools that decompose at different rates (Oleson et al.,
2010). These parameterizations assume that the CUEs of plant and
soil microbial communities are constant (Fig. 2). Street et al. show,
however, that CUE is a dynamic parameter that varies in situ
between species from the same community. It also varies with
environment for an individual, between communities in an
ecosystem, and is subject to adaptation within the matter of a few
years (Zhang et al., 2009; Crowther & Bradford, 2013; Frey et al.,
2013; but see Zha et al., 2013). Modeled C storage in ecosystems is
strongly dependent on the value of CUE and whether it is assumed
to be constant or varying (Allison et al., 2010; Ise et al., 2010). The
balance between anabolic and catabolic processes within a cell– and
how this balance is affected by environment, species and
evolutionary adaptation – therefore seems an underexplored but
likely critical determinant of how the Earth System partitions C
between the atmosphere and biosphere.
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