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Abstract. Boreal forests play a key role in the global car-
bon cycle and are facing rapid shifts in nitrogen availability
with poorly understood consequences for ecosystem function
and global climate change. We quantified the effects of in-
creasing nitrogen availability on carbon fluxes from a rela-
tively understudied component of these forests – the forest
floor – at three intervals over the summer growing period
in a northern Swedish Scots pine stand. Nitrogen addition
altered both the uptake and release of carbon dioxide from
the forest floor, but the magnitude and direction of this ef-
fect depended on the time during the growing season and
the amount of nitrogen added. Specifically, nitrogen addi-
tion stimulated net forest floor carbon uptake only in the late
growing season. We find evidence for species-specific con-
trol of forest floor carbon sink strength, as photosynthesis
per unit ground area was positively correlated only with the
abundance of the vascular plantVaccinium myrtillusand no
others. Comparison of understorey vegetation photosynthesis
and respiration from the study site indicates that understorey
vegetation photosynthate was mainly supplying respiratory
demands for much of the year. Only in the late season with
nitrogen addition did understorey vegetation appear to expe-
rience a large surplus of carbon in excess of respiratory re-
quirements. Further work, simultaneously comparing all ma-
jor biomass and respiratory carbon fluxes in forest floor and
tree vegetation, is required to resolve the likely impacts of
environmental changes on whole-ecosystem carbon seques-
tration in boreal forests.

1 Introduction

Boreal forests store around 25 % of global terrestrial carbon
(C) (Gower et al., 2001) and are currently estimated to be
a net C sink (Myneni et al., 2001; Pan et al., 2011). These
ecosystems are critically constrained across large areas by
the availability of N (Tamm, 1991; Vitousek and Howarth,
1991) which is greatly increased across managed forests due
to intensive fertilization and, across all systems, via elevated
N inputs from atmospheric deposition (Galloway et al., 2008;
Reay et al., 2008). Therefore, increasing N availability in
boreal forests could have major implications for future cli-
mate change, both directly by affecting the net flux of carbon
dioxide (CO2) to the atmosphere, and indirectly by mediat-
ing the relative impacts of other climate change agents on
boreal vegetation and soils.

Most research to date about the effects of N on boreal for-
est C cycling has focused on trees. By comparison relatively
little is known about the effects of fertilization on forest floor
CO2 fluxes despite evidence that the forest floor accounts for
a large proportion of whole forest photosynthesis and respira-
tion (Goulden and Crill, 1997; Heijmans et al., 2004; Kolari
et al., 2006), and exerts a powerful influence over soil nutri-
ent and C cycling (Wardle et al., 1998; Nilsson and Wardle,
2005). The few available N manipulation studies within bo-
real and cold temperate forests all suggest that N addition
causes either no change or a slight decline in soil or forest
floor CO2 efflux (Gärdenäs, 2000; Olsson et al., 2005; Alli-
son et al., 2008; but see Hasselquist et al., 2012), however, a
number of important questions remain. For example, none of
these studies partitioned net CO2 efflux from the forest floor
into uptake from photosynthesis and release via respiration,
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so it remains unclear to what extent any N-induced shifts in
respiration could be offset by concurrent changes in photo-
synthetic uptake.

A wide range of studies showing inhibited decomposition
and soil CO2 efflux following N addition have formed the
empirical foundation for model predictions that global rises
in N deposition will reduce soil C loss, and hence promote
ecosystem C storage (Berg and Matzner, 1997; Ågren et al.,
2001; Janssens et al., 2010 and references therein). However,
the majority of N addition experiments (Bond-Lamberty and
Thomson, 2010) have fertilized at rates which are several
times greater than even the most severe N deposition sce-
narios (Lamarque et al., 2005; Galloway et al., 2008; Reay
et al., 2008). Some studies have highlighted the potential for
non-linear soil C responses to N addition rates, (Knorr et al.,
2005; Hasselquist et al., 2012). For example, in a borealPi-
nus sylvestrisL. forest, Hasselquist et al. (2012) found that
forest floor CO2 efflux was stimulated by low soil doses of
N but suppressed at higher N addition rates. The underly-
ing mechanism for this pattern appears to be an increase in
the abundance and/or activity of mycorrhizae, with an associ-
ated rise in autotrophic respiration under low N addition, but
a strong decrease in the plant-mycorrhizal symbiosis under
higher N loads (Hasselquist et al., 2012) which is consistent
with the findings of other studies in the same ecosystem type
(Nilsson and Wallander, 2003; Högberg et al., 2010; Vallack
et al., 2011). If such non-linear responses are widespread,
projections of ecosystem C sequestration under future N de-
position scenarios may need to be revised.

We measured forest floor net ecosystem exchange of CO2
(NEE), and its components – uptake via photosynthesis
(gross primary productivity, GPP) and release through res-
piration (R) – over a full growing season in the same N ad-
dition experiment described in Hasselquist et al. (2012). For
the experiment, N has been added to the soil since 2006 at
two distinct rates in adjacentP. sylvestrisforest plots to dis-
tinguish between the likely impacts of future atmospheric N
deposition versus intensive N fertilization similar to the rate
applied by many scientific studies. Specifically, we asked the
following questions.

1. Is forest floor NEE, and its component fluxes, affected
in the same way by different N addition rates?

2. How does N addition affect the seasonality of forest
floor NEE, and its components?

3. Which abiotic (temperature, soil moisture) and biotic
(vegetation density, tree proximity) factors explain ob-
served differences in forest floor NEE, and its compo-
nents?

Finally, as an index of the C status of the understorey plants
measured, and how this changes over the growing season
and amongst plots, we compare understorey vegetation GPP
measured in this study with concurrent data on understorey

vegetation respiration (Ruv) from nearby locations on all
plots and measurement periods presented in Hasselquist et
al. (2012).

2 Methods

2.1 Study site and experimental design

The study was located within a homogenous 70 yr oldPinus
sylvestrisstand at the Rosinedal experimental forest in north-
ern Sweden (64◦10′ N, 19◦45′ E). The site is∼ 145 m above
sea level, on fine podzolized sand with a thin surface, organic
mor layer. Mean annual temperature is∼ 1◦C, annual rain-
fall is 520 mm and the snow-free growing season extends for
approximately six months from May to October. A contin-
uous ground layer of vegetation exists, composed of shrubs
(Vaccinium myrtillusL., Vaccinium vitis-idaeaL.), mosses
(Pleurozium schreberi(Bird.) Mitt., Hylocomium splendens
(Hedw.) Schimp), and lichens (Cladonia spp). A detailed
site summary is presented in Table 1.

At the site, two 15 ha plots have each been subjected to
a different fertilization treatment since 2006: addition of
20 kg N ha−1 yr−1 as NH4NO3 to replicate a typical rate of
atmospheric N deposition in southern Sweden (low N plot)
(Lamarque et al., 2005), and addition of 100 kg N ha−1 yr−1

to represent a fertilization intensity typical of many scientific
fertilization experiments (high N plot) (Bond-Lamberty and
Thomson, 2010; Hasselquist et al., 2012). Fertilizer is ap-
plied in the form of soluble pellets once a year in late June.
Adjacent to these plots is a matching 15 ha area of unfer-
tilized forest which acts as an experimental control. While
these N treatments were not replicated (Hurlbert, 1984) due
to logistical and financial constraints, they provide insights
into ecosystem processes at a spatial scale which would be
impossible to achieve with smaller scale, more easily repli-
cated manipulations (Carpenter, 1996, 1998; Sullivan, 1997;
Osmond et al., 2004). To assess plot similarities prior to fer-
tilization, 15 trees were harvested prior to fertilization in
2006, and a further 6 trees in each N treatment were har-
vested in 2011 (27 harvested trees total) to develop allomet-
ric equations relating stem diameter to volume for each plot.
Wood cores were taken to calculate specific wood density for
each plot, to convert wood volume to biomass. Scanned wood
disks (at 1.3 m above the ground) from trees harvested in
2011 were used to calculate stem ring growth expansion from
2004 onwards, and the allometric equations were applied to
these values to calculate incremental biomass increase. Re-
sults show that stem production on the fertilized plots was
similar to the control prior to fertilization, but accelerated
relative to the control after fertilization (Table 1). Given that
stem biomass and production are important integrators of
multiple forest processes (Gamfeldt et al., 2013), we interpret
this as reasonable evidence that tree and understorey vegeta-
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Table 1. Summary of plot characteristics in 2011. Values represent mean±SE (n = 17). Soil moisture and temperature values represent
means across the growing season (June–August). *From Hasselquist et al. (2012). Tree stem growth values in brackets represent means for
the three years prior to fertilization.

Control Low High

Tree stem growth (g m−2 yr−1) 280∗ 340∗ (280) 500∗ (298)
V. myrtillusdensity (stems m−2) 76± 8 75± 12 79± 11
V. vitis-idaeadensity (stems m−2) 151± 12 205± 11 208± 14
Organic layer depth (cm) 10.0± 0.8 9.4± 0.6 9.3± 0.7
Organic layer C : N ratio 39.2± 1.3∗ 40.7± 1.3∗ 40.2± 1.3∗

Soil moisture (%) 10.3± 0.4 10.5± 0.5 10.2± 0.4
Soil temperature (◦C) 11.1± 0.4 11.7± 0.4 10.8± 0.4

tion structure and composition were broadly similar across
plots prior to fertilization.

2.2 Sampling and data analyses

Forest floor CO2 exchange was surveyed on all three plots
over a two-week time window in June (9–16th), July (19–
29th) and August (19–25th) of 2011 to capture variation
over the active growing period for understorey vegetation
in boreal forests. In each plot, 17 locations were selected
for forest floor CO2 flux measurements. Prior to measure-
ments, 40 cm× 40 cm metal bases were inserted∼ 2 cm into
the soil surface, taking care to minimize disturbance to sur-
rounding vegetation and roots. After allowing a minimum
of two days for equilibration, forest floor CO2 fluxes were
recorded by sealing a 40 cm high transparent plastic chamber
to the chamber base, and recording the linear accumulation
of CO2 within the chamber over two minutes using an infra-
red gas analyser or IRGA (EGM-4, PP Systems, PP Systems,
Hitchin, UK). A light sensor was placed inside the chamber
to continuously record the amount of photosynthetically ac-
tive radiation (PAR, µmol m−2 s−1) received by the vegeta-
tion within the chamber during CO2 measurements. The air
inside the chamber was thoroughly mixed during measure-
ments with a fan. The measurement duration was sufficiently
short to minimize changes in air temperature and humid-
ity within the chamber. At each location, CO2 fluxes were
recorded eight times, five records under different PAR lev-
els and three replicate measurements in complete darkness.
Mesh covers were used to reduce PAR within the chamber,
while a completely opaque cover was used to reduce PAR to
zero. The flux measured represents net ecosystem exchange
of CO2 from the understorey vegetation, soil and tree roots
(NEE, g CO2 m−2 h−1):

NEE= R − GPP,

where GPP is understorey vegetation gross primary produc-
tivity (g CO2 m−2 h−1), andR is forest floor respiration of
CO2 (g CO2 m−2 h−1). A negative value of NEE indicates
that GPP is greater thanR and therefore that the location at
that time is sequestering CO2, whereas a positive value of

NEE indicates thatR is dominating and so the location is a
net source of CO2. Under complete darkness, photosynthesis
does not occur so the CO2 flux representsR. CO2 measure-
ments were performed between 09:00 and 16:00 LT (local
time) on the sampling days. Forest floor GPP may then be
estimated for each location by adding meanR to NEE at a
particular level of PAR. For each location and time period,
we fit a three-parameter decay model to the relationship be-
tween PAR and measured forest floor NEE by minimizing
the root mean square error between observed and predicted
NEE values using Excel solver (Shaver et al., 2013):

y = a + b × exp−c×p, (1)

wherey represents modelled NEE,a, b andc represent the
three fitted curve parameters andp refers to measured PAR.
Thus, in total, 153 unique curve parameter sets were derived
(51 locations× 3 time periods), and used to predict NEE and
GPP at a standardized PAR value of 600 µmol m−2 s−1 for
each location and time period. The parameter sets were used
to enable direct comparison of light-dependant CO2 fluxes
amongst locations and time periods, and were not applied
beyond the immediate conditions under which they were fit.

After CO2 flux measurement, a range of abiotic and biotic
plot variables were measured at each location. Surface (0–
10 cm soil depth) soil moisture and temperature was recorded
instantaneously with probes (Hydrosense moisture probe,
Campbell Scientific Instruments, Logan, Utah; Model E514
temperature probe, Mingle Instrument, Willich, Germany) at
four replicate points within the metal base at each location.
The depth of the organic layer was visually estimated, and the
number ofV. myrtillusandV. vitis-idaeastems was counted
as a estimate of vegetative density. To measure the temporal
development of foliar density over the season, photographs
were taken of each CO2 measurement location with a digital
camera (Coolpix S800c, Nikon Corporation, Tokyo, Japan),
and the images were analysed with software (ImageJ, NIH,
USA) to calculate the raw digital numbers in the red (Rdn),
green (Gdn) and blue (Bdn) channels. The following equa-
tion was used to compute a greenness index (Ig) from these
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values (Richardson et al. 2007):

Ig = Gdn/(Rdn+ Gdn+ Bdn). (2)

Finally, to investigate and, if necessary, control for the effects
of tree proximity on root biomass and respiration, and hence
forest floor CO2 efflux, we measured the diameter of all trees
within a 3.5 m radius of each location and computed a tree
proximity index (T ):

T =

∑
s × (1/d), (3)

wheres represents tree size as diameter at 1.3 m (cm) and
d represents tree distance from the CO2 flux measurement
location (cm). We conducted a non-parametric Spearman’s
rank test to assess correlations amongst the CO2 fluxes mea-
sured and a range of abiotic and biotic variables recorded at
each location. To assess the causes of spatial variation in CO2
fluxes amongst locations, correlations were run separately for
each sampling period. To assess temporal variation in CO2
fluxes, we first controlled for spatial variation amongst points
by dividing values for each location by the mean across all
sampling periods for the same location. From this standard-
ized data, we then calculated the slope of change in CO2
fluxes, temperature, moisture and vegetation greenness for
all locations across the three time periods, then ran correla-
tion analyses on these slopes. All statistical analyses were
conducted with SPSS statistics software (IBM SPSS 19.0 for
Windows, IBM Corporation, Armonk, USA).

For comparison with understorey vegetation GPP esti-
mates in this study, we usedRuv estimates from another
study conducted on the same forest plots within a week be-
fore and after our own CO2 measurements (Hasselquist et al.,
2012). Details ofRuv measurement and experimental design
are presented in Hasselquist et al. (2012), and summarized
here.Ruv was recorded at six blocks per plot, blocks were
< 20 m from the 17 locations per plot sampled in this study.
At each block, two collars (25 cm diameter) were inserted to
25 cm soil depth, thereby removing most contributions from
tree roots (since the majority of fine pine roots at the site
occur within the surface 20 cm soil layer, data not shown).
Understorey vegetation was left intact in one of the collars
(C3), while in the other, above-ground plant parts were re-
moved (C2). These collars were installed ten months prior to
the first CO2 flux measurement to minimize biases from plant
removal and soil disturbance. CO2 efflux was recorded from
all collars on every plot regularly over the growing season of
2011 by sealing the collar with an opaque top and record-
ing CO2 accumulation within the collar headspace with a
CO2 sensor (CARBOCAP model GMP 343, Vaisala, Fin-
land). Ruv (g CO2 m−2 h−1) was calculated by subtracting
CO2 efflux in C3 from CO2 efflux in C2 for each block and
time period.

Fig. 1.Measured versus modelled forest floor NEE. Modelled NEE
was estimated from a three parameter decay model fit to measure-
ments. Positive values denote net release of CO2 from the for-
est floor into the atmosphere. Circles, triangles and crosses rep-
resent measurements in the early, middle and late growing season
respectively. The line is a linear regression fit through all the data
(y = 0.9652x + 0.0268,R2

= 0.95, root mean square error= 0.13).

3 Results

Fitted curve parameter sets for each location and time pe-
riod were used to predict forest floor NEE and GPP at
600 µmol m−2 s−1 for the same location and period. Across
all measurement locations and time periods (n = 153), there
was a close agreement between measured and modelled NEE
(Fig. 1).

N addition altered both forest floorR and GPP but the
magnitude and direction of the effect depended strongly on
timing during the season and, to a lesser extent, the amount
of N added (Fig. 2). Across all measurements, forest floor
R increased over the growing season, but the pattern of this
increase was significantly modified by N treatment (Fig. 2).
In the early season,R was generally low across all plots, but
was only stimulated on the low N treatment relative to the
control. In contrast, from July onwardsR was suppressed
on the low N treatment, and to an even greater extent, on
the high N treatment compared to the control. By compar-
ison with forest floorR, GPP was generally lower in mag-
nitude, more variable and showed no clear N treatment ef-
fect (Fig. 2). Hence, seasonal and treatment patterns of NEE
were mainly driven by shifts in forest floorR. There was
no clear and consistent overall N treatment effect on NEE
across all measurement campaigns. However, considering
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Fig. 2. Changes in soil and vegetation properties(a), forest floor
fluxes of CO2 from R (b), GPP(c) and NEE(d) in plots with dif-
ferent N addition rates over the growing season. Values of GPP and
NEE are standardized to a light intensity of 600 µmol m−2 s−1. Pos-
itive values denote net release of CO2 from the forest floor into the
atmosphere, error bars represent SE (n = 17).

each measurement period individually, some plot differences
were apparent (Fig. 2). The high N treatment was a smaller
net C source than the control in July, mainly due to plot dif-
ferences in forest floorR rather than GPP. In addition, both
N treatments were substantially greater net C sinks than the
control in the later part of the growing season (August).

Forest floorR and GPP displayed distinct seasonal pat-
terns which had an important impact on NEE (Fig. 2). Forest
floor R reached maximal levels from July onwards and was
closely correlated with temporal variation in soil tempera-
ture (Table 2). In contrast, GPP peaked only later in August
and was not significantly related to seasonal change in soil
temperature, soil moisture or understorey vegetation green-
ness index (Table 2). This temporal lag betweenR and GPP
meant that the forest floor on all plots had a greater tendency
towards being a large net C source in the middle of the grow-
ing season (Fig. 2). By contrast, in the early and late portions

of the growing season, forest floor NEE was more neutral
becauseR and GPP approximately offset each other (Fig. 2).

No significant correlation was found between tree proxim-
ity and any of the CO2 fluxes measured (Table 2), so we con-
clude that it was not a major source of confounding variation
in our analyses. Within each sampling period, spatial varia-
tion in forest floor CO2 fluxes was most often significantly
associated with indices of vegetation density, commonlyV.
myrtillus abundance and greenness index, and soil temper-
ature (Table 2). Despite the significance of correlations, the
portion of variance in forest floor CO2 fluxes explained by
the variables measured was typically very low (< 10 %), with
the exceptions of the associations betweenV. myrtillusabun-
dance,R (in June) and GPP (in July), and the link between
temperature andR in July (Table 2). In contrast withV. myr-
tillus, spatial variation inV. vitis-idaeadensity was not corre-
lated with any CO2 fluxes (Table 2), providing evidence for
species-specific effects on forest floor CO2 uptake. Of the
observed seasonal variation in forest floor CO2 fluxes, only
R was significantly correlated with temporal change in any
of the abiotic and biotic variables measured (with soil tem-
perature, Table 2).

As a rough indicator of the internal C balance of under-
storey plants, we compared measured understorey vegeta-
tion GPP in each plot and time period during the growing
season with estimates of understorey vegetation respiration
(Ruv) measured over the same periods on the same plots,
and presented in Hasselquist et al. (2012). At a light inten-
sity of 600 µmol m2 s−1, which is generally higher than that
predominating at the ground level at the study site, under-
storey vegetation uptake of CO2 via GPP only just covered
estimated plant respiratory demand on all plots in the early
and middle growing season (Fig. 3). By August, however,
understorey vegetation in the N addition plots were oper-
ating a large C surplus at 600 µmol m2 s−1, acquiring∼ 50
and 30 times more C than was required for plant respiration
on the low and high N plots, respectively (Fig. 3). In con-
trast, at the same time in the late growing season, the C sur-
plus at 600 µmol m2 s−1 in control plot vegetation was much
lower and largely unchanged from early growing season lev-
els (Fig. 3).

4 Discussion

Boreal forests are currently estimated to be a net C sink (My-
neni et al., 2001; Pan et al., 2011), but the contribution of
the forest floor to this sink is currently poorly understood.
One striking pattern emerging from this study was that the
forest floor was generally a very weak net sink for CO2
even over the peak growing season (Fig. 2). Spatial varia-
tion in GPP was often linked to variation in indices of veg-
etation density (Table 2), but the strong seasonal variation
in GPP (Fig. 2) appeared to occur independently of shifts in
vegetation greenness (Table 2) suggesting that it was driven

www.biogeosciences.net/10/8223/2013/ Biogeosciences, 10, 8223–8231, 2013



8228 D. B. Metcalfe et al.: Effects of nitrogen fertilization on the forest floor carbon balance

Table 2.Results of a Spearman’s rank correlation between forest floor CO2 fluxes and a range of abiotic and biotic variables. Analyses across
all seasons are run on the entire data set from the slopes of temporal change in variables transformed to control for spatial variation amongst
locations. Significant correlations (≤ 0.05) are highlighted in bold. CC refers to the correlation coefficient, negative and positive CC values
denote a negative and positive correlation respectively.

R GPP NEE
R2 CC P R2 CC P R2 CC P

June

Tree proximity index < 0.01 −0.13 0.36 0.02 0.06 0.70 0.03 −0.22 0.13
Organic layer depth (cm) 0.02 0.11 0.44 0.08 0.35 0.01 0.06 −0.21 0.14
V. myrtillusdensity (stems m−2) 0.20 0.31 0.03 0.09 0.51 < 0.001 < 0.01 −0.08 0.56
V. vitis-idaeadensity (stems m−2) < 0.01 −0.10 0.50 < 0.01 −0.20 0.15 < 0.01 0.07 0.61
Vegetation density (stems m−2) 0.12 0.23 0.11 0.05 0.24 0.09 < 0.01 0.05 0.73
Greenness index 0.07 0.18 0.22 0.05 0.50 < 0.001 0.01 −0.27 0.06
Soil moisture (%) 0.01 −0.11 0.43 < 0.01 0.10 0.48 0.01 −0.07 0.64
Soil temperature (◦C) 0.06 0.20 0.16 < 0.01 −0.24 0.10 0.03 0.33 0.02

July

Tree proximity index 0.03 0.18 0.20 < 0.01 0.05 0.71 0.01 −0.03 0.82
Organic layer depth (cm) < 0.01 0.12 0.42 0.05 −0.15 0.29 0.03 0.16 0.26
V. myrtillusdensity (stems m−2) < 0.01 0.20 0.16 0.13 0.30 0.03 0.05 −0.13 0.33
V. vitis-idaeadensity (stems m−2) 0.03 −0.19 0.18 0.01 −0.01 0.36 < 0.01 −0.02 0.91
Vegetation density (stems m−2) 0.02 −0.09 0.53 0.05 0.19 0.18 0.06 −0.22 0.12
Greenness index < 0.01 0.29 0.04 0.01 0.19 0.19 < 0.01 0.06 0.70
Soil moisture (%) 0.02 0.31 0.03 < 0.01 0.17 0.23 0.01 0.04 0.77
Soil temperature (◦C) 0.17 0.55 < 0.001 0.01 0.02 0.88 0.02 0.32 0.02

August

Tree proximity index 0.01 0.10 0.49 < 0.01 < 0.01 0.99 < 0.01 0.05 0.72
Organic layer depth (cm) < 0.01 0.04 0.78 0.05 0.19 0.18 0.04 −0.26 0.06
V. myrtillusdensity (stems m−2) 0.01 −0.07 0.64 0.08 0.13 0.35 0.10 −0.16 0.25
V. vitis-idaeadensity (stems m−2) < 0.01 -0.03 0.84 < 0.01 0.18 0.20 < 0.01 −0.20 0.17
Vegetation density (stems m−2) 0.01 −0.16 0.27 0.05 0.27 0.06 0.06 -0.30 0.03
Greenness index 0.02 0.14 0.31 0.08 0.30 0.03 0.08 −0.26 0.06
Soil moisture (%) 0.01 −0.03 0.84 0.02 −0.14 0.33 0.02 0.19 0.19
Soil temperature (◦C) < 0.01 0.70 < 0.001 0.02 0.11 0.45 0.02 0.10 0.49

All seasons

Greenness index < 0.01 0.06 0.67< 0.01 0.05 0.71 < 0.01 −0.18 0.21
Soil moisture (%) 0.03 0.14 0.33 0.02 0.02 0.91 < 0.01 −0.08 0.59
Soil temperature (◦C) 0.09 0.30 0.03 < 0.01 0.20 0.17 < 0.01 0.10 0.50

instead by seasonal changes in leaf-level photosynthesis or
respiration rates. Though the lack of clear change in vege-
tation greenness (Fig. 1a) suggested that our sampling oc-
curred after the main period of understorey vegetation leaf
flush. Understorey vegetation CO2 uptake at a light intensity
of 600 µmol m−2 s−1 (equivalent to full sun with a typical
canopy light interception for this type of forest of∼ 80 %,
Mencuccini and Grace, 1996) could barely cover respiratory
demand for much of the year (Fig. 3). It is possible that these
plants may derive a disproportionate amount of photosyn-
thate from short-lived sunflecks (Lieffers et al., 1999). In-
deed, we found little sign of GPP saturating at high light lev-
els, contrary to previous reports from similar systems (Kolari

et al., 2006; Whitehead and Gower, 2001), indicating that un-
derstorey plants at the site may have high photosynthetic ca-
pacity to exploit ephemeral bright periods. Nevertheless, the
fact that full sun conditions are rare, and that light intensity
drops at night even at these high latitudes in summer, sug-
gests that for much of the year little assimilated C remains for
other functions (e.g.: growth, herbivore defense and repro-
duction) in understorey plant species at this site after basic
metabolic demands have been satisfied. This appears incon-
gruent with widely cited reports that understorey NPP is over
half of above-ground tree NPP in a chronosequence of boreal
forest (Wardle et al., 2003; Nilsson and Wardle, 2005) but
total above-ground NPP in these systems is very low, at less
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Fig. 3. Plant carbon surplus potential – calculated as GPP at a light
intensity of 600 µmol m−2 s−1 minusRuv – in plots with different N
addition rates over the growing season. Error bars represent SE (n =

17 and 2 for GPP andRuv respectively).Ruv values were derived
from Hasselquist et al. (2012) from locations < 20 m from the points
measured in this study in all plots and measurement periods.

than 150 g C m−2 yr−1 compared to 232 g C m−2 yr−1 from
a pan-boreal synthesis (Gower et al., 2001). Thus, in abso-
lute terms, understorey NPP along the chronosequence sites
is still low (< 45 g C m−2 yr−1, Nilsson and Wardle, 2005),
and likely to be lower still in more dense forests where car-
bon uptake in the understorey is more strongly light limited.
Analyses of understorey C allocation in boreal forests are
still limited by the paucity of available data, but a prelim-
inary comparison supports this hypothesis: taking published
values for boreal forest understorey vegetation GPP and NPP
of ∼ 130 g C m−2 yr−1 and ∼ 30 g C m−2 yr−1 respectively
(Gower et al., 2001; Kolari et al., 2006), the portion of un-
derstorey photosynthate allocated to growth is extremely low
(23 %) compared to mean values for boreal trees of 40–50 %
(Vicca et al., 2012). Indeed, clonal plant growth and efficient
nutrient resorption are relatively common strategies amongst
boreal understorey plants, and are thought to be an adaptive
trait to increase resource use efficiency (Eckstein et al., 1999;
Svensson et al., 2009). This does not necessarily mean that
the contribution of boreal understorey plants to ecosystem
C storage is insignificant, since many such plants turnover
biomass rapidly and produce recalcitrant organic litter that
retards soil microbial activity thereby promoting soil C se-
questration (Chapin, 1983; Wardle et al., 1998; Nilsson and
Wardle, 1999; Wardle and Zackrisson, 2005).

This study shows that N fertilization effects on forest floor
CO2 fluxes were dependent firstly on the time during the
growing season and secondly on the amount of N added
(Fig. 2). In the early growing season, forest floorR re-
sponded in a similar way to N addition as that noted by Has-
selquist et al. (2012) from the same study site: with greater
levels of CO2 released asR under low levels of N addition
compared to both the control and high N plots. However,
later in the season we recorded a different response, more
in line with the consensus view (Janssens et al., 2010, and

references therein) – showing successively lower forest floor
R on the low and high plots relative to the control, pointing
to N-induced suppression of organic matter decomposition
and/or microbial activity (Fig. 2). The reasons for the differ-
ences between the current study and Hasselquist et al. (2012)
may be partly due to differences in the timing of measure-
ments. The stimulation of autotrophic respiration, and hence
total R, on the low N treatment was maximal in late August
and September, after the period of sampling in this study.
However, we note that our results still highlight the risks of
inferring likely effects of atmospheric N deposition from fer-
tilization experiments which apply N at much higher rates,
since we do not observe a monotonic linear response to the
fourfold increase in N addition from the low to high plot. In-
stead, the effects of N on forest floor CO2 fluxes tended to
saturate with increasing rates of N addition.

N availability will also have large impacts on the compo-
sition and diversity of understorey plant communities (Bob-
bink et al., 2010). In this study, we find evidence for species-
specific effects on forest floor CO2 fluxes, since GPP was sig-
nificantly positively correlated with the abundance ofV. myr-
tillus but not related to the amount ofV. vitis-idaea(Table 2).
Important impacts of fertilization on forest floor CO2 fluxes,
beyond the short-term increases in leaf N and soil micro-
bial activity, could therefore operate over longer timescales
by shifting the relative abundance of species with different
capacities to take up and store C in plant tissue and soil. Al-
though we have not yet observed a substantial shift inV. myr-
tillus abundance at the study site (Table 1), longer-term forest
fertilization experiments have demonstrated substantial de-
clines inV. myrtillusabundance, even up to nine years after
nitrogen addition ceased (Strengbom et al., 2001; Nordin et
al., 2005; Strengbom and Nordin, 2008). Our results suggest
that such a plant community shift could reduce understorey
GPP, and therefore partly offset the beneficial effects of for-
est fertilization in terms of enhanced tree C uptake (De Vries
et al., 2006). Integration of such longer-term, indirect effects
of environmental changes on ecosystem C storage via shifts
in plant community composition are poorly constrained in
global models compared to the direct impacts of abiotic fac-
tors such as temperature and moisture (Ostle et al., 2009;
Metcalfe et al., 2011). Therefore, further work linking to-
gether community ecology and C cycling are required to im-
prove model predictions of forest C sequestration in a chang-
ing world.

5 Conclusions

To improve understanding of C and N interactions in boreal
forests, we studied seasonal C fluxes from an important but
often overlooked component of forests – the forest floor –
in a large-scale forest N manipulation experiment. Overall,
we found that N addition tends to increase the likelihood that
the forest floor will be a net C sink, but that this is strongly
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dependent upon the timing during the growing season and,
to a lesser extent, the amount of N added. Whether this addi-
tional C taken up under fertilized conditions will contribute
to long-term C sequestration is, however, unclear because
most assimilated C is apparently directly respired. This ten-
tative conclusion would be reinforced by simultaneous mea-
surements of biomass growth and respiratory C fluxes in un-
derstorey vegetation, but is consistent with available infor-
mation about the carbon allocation and life history strategies
of understorey plants.
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