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Abstract. Boreal forests play a key role in the global carbon (C) cycle, with fine root production and turnover contributing to 

belowground C fluxes and inputs to soil organic carbon (SOC) stocks. However, fine root biomass and production are difficult 

to quantify and introduce uncertainty in estimates of net primary production (NPP), limiting the assessment of C allocation 

patterns in boreal forests. 10 

The objective of the present study was to assess how different fine root modelling approaches influence estimates of 

NPP, gross primary production (GPP), carbon use efficiency (CUE), and belowground C allocation to fine roots in Norwegian 

boreal and nemo-boreal forests. Using Norway’s national forest resource map together with MODIS remote sensing data, we 

estimated fine root biomass and production using three approaches that differed in how foliage biomass was derived: two based 

on leaf area index (from MODIS or the forest resource map) and one based on allometric biomass equations. These approaches 15 

were combined with alternative fine-root turnover rates and foliage-to-fine-root biomass ratios. 

Mean NPP derived from the forest resource map ranged from 318 to 243 g C m⁻² yr⁻¹ across young to mature forests. 

In Norway spruce and Scots pine forests, NPP increased during early stand development, peaked between 50 and 80 years, 

and declined with increasing age. Comparison against European MODIS NPP revealed that tree growth alone accounted for 

16% of MODIS NPP, while including fine root and understory NPP contributions increased total NPP by roughly 3–5 times, 20 

depending on the fine root estimation method. CUE ranged from 0.30 to 0.63, showing age-related declines and species-level 

variation, with the lowest values in mature Norway spruce forests.  

Our analysis sheds light on the role of fine root biomass and production in forest C budgeting and their influence on 

NPP, CUE, and belowground C allocation.  Excluding fine roots creates a major gap in forest C analyses and we conclude that 

the choice of method for fine root estimation has a strong impact on regional NPP and its component fluxes. Estimates of forest 25 

CUE may guide management by identifying areas with low efficiency, where interventions may enhance C sequestration.  
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1 Introduction 

Forest ecosystems play a pivotal role in carbon (C) storage globally, with boreal forests serving as one of the primary 

contributors to the global C sink (Pan et al., 2011).  Boreal forests’ soil organic (SOC) stocks store 3–4 times more C than the 

above ground biomass (Batjes, 1996), reflecting the long-term balance between organic matter inputs and outputs through 

processes such as litter production, decomposition, leaching, and erosion. A major portion of this organic matter originates 35 

from belowground sources, primarily fine root litter and associated fungal mycelium. For instance, Clemmensen et al. (2013) 

estimated that root-derived inputs contribute 50–70% of the organic matter in the upper 20 cm of boreal forest soils. Similarly, 

Kyaschenko et al.  (2019) reported that root inputs accounted for 73–81% of total accumulated SOC in the mor (raw humus) 

layer, rather than from aboveground leaf litter. Plant allocation of C to belowground is supported by photosynthesis, with gross 

primary production (GPP) representing the total amount of C fixed from the atmosphere through photosynthesis, providing 40 

energy for plant metabolism and growth. In boreal forests, approximately 60% of GPP is allocated to belowground processes  

(Gill and Finzi, 2016; Litton et al., 2007), supporting root biomass and associated fungal structure. 

Roots sized ≤2 mm in diameter are commonly defined as fine roots. Fine roots  serve as the foundation of the root 

network, providing the majority of the surface area and length of root systems  (Persson, 1983). Although fine roots represent 

only a small fraction of belowground C at any given time (Helmisaari et al., 2002; Jackson et al., 1997), their rapid biomass 45 

turnover makes them a major source of organic matter inputs to the soil (Gill and Jackson, 2000; Yuan and Chen, 2010). Given 

their central role in forest C cycling (Finér et al., 2011; Helmisaari et al., 2007; Yuan and Chen, 2010, 2012), quantifying fine 

root biomass and production is necessary for understanding forest C dynamic, particularly the fluxes between above- and 

belowground tree parts and between living trees, microbial and fungal intermediates and soil. Such information represents an 

important component for forest C prediction, e.g. national GHG reporting, and forecasting of forest C dynamics under climate 50 

change. 

Direct estimation of fine root contributions is challenging, due to difficulties in measuring their activity in situ (Yuan 

and Chen, 2010). Overall, belowground biomass components are notoriously difficult to accurately determine, opposed to 

biomass of trees and vegetation. However, models provide solutions for approximating fine root dynamics and incorporating 

them into ecosystem analyses (Neumann et al., 2020), including national GHG inventories and forest forecasting. In short, fine 55 

roots are an integral yet challenging component of the terrestrial biosphere, and without models, researchers would have to 

exclude fine root processes from ecosystem analyses or rely on the limited studies that quantify all components of the C cycle 

(Gower et al., 2001). 

Fine root dynamics are typically predicted using stand-level variables such as climate, latitude, longitude (Liu et al., 

2004), forest structure (e.g., tree stem diameter; Chen et al., 2002), and above-ground biomass (Härkönen et al., 2011). 60 

However, the diversity of these approaches highlights the challenges in reliably assessing fine root dynamics, as all models 

tend to exhibit relatively poor predictive performance (Neumann et al., 2020). The biomass dynamics of fine roots is 

represented by variation in production and turnover and depends on factors such as forest age, climate, and tree species 
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(Jackson et al., 1997; Kriiska et al., 2019; Lazdiņš et al., 2024; Yuan and Chen, 2010, 2012). Addressing this variability remains 

challenging and contributes to the inherent uncertainty in fine root models, which represents a limitation when estimating C 65 

allocation patterns for quantitative analyses of forest C cycling. 

Net primary production (NPP), reflects the difference between C fixed through photosynthesis (GPP) and the C 

released by autotrophic (plant) respiration, i.e. NPP = GPP – Ra (Chapin et al., 2002). NPP thus represents the growth of all 

plant biomass components, including fine roots and mycorrhizae, and C allocated to root exudates and volatile organic 

compounds. Global estimates suggest that fine root production contributes roughly one-third of terrestrial NPP (Jackson et al., 70 

1997), though more recent work indicates about 22% annually (McCormack et al., 2015). Gower et al. (2001) compiled NPP 

allocation patterns in boreal forests and found that fine roots contributed 7-50% of total NPP, with an average of 29%. In 

Finnish Scots pine stands on nutrient-poor podzols, fine root production accounted for 43–60% of total stand biomass 

production in stands aged 15–100 years (Helmisaari et al., 2002). In contrast, lower contributions have been reported in 

transitional boreal forests in Estonia, where fine roots in fertile Norway spruce stands contributed 13% of NPP (Ostonen et al., 75 

2005). Because fine roots can represent a large share of NPP, excluding or inaccurately estimating them can bias interpretations 

of forest C allocation and storage (Gower et al., 2001). 

The relative capacity of forest ecosystems to transfer atmospheric CO2 to plant biomass is referred to as carbon use 

efficiency (CUE), defined as the ratio of NPP to GPP and informs about ecosystem C cycles and storage. Early studies have 

broadly concluded that CUE is a fixed value of 0.5, independent of ecosystem type. However, Amthor (2000) concluded the 80 

theoretical possibility of CUE vary between about 0.2 to 0.75; lower bound reflecting the minimum C balance needed for a 

positive C balance, and upper bound reflecting minimum respiratory costs. Gifford (2003) argued that autotrophic respiration 

and NPP are interdependent because C must be assimilated before it is respired, further supporting variable CUE. Subsequent 

studies further challenged the assumption of a fixed CUE, demonstrating that it varies with factors such as management 

practices, site fertility, climate, tree functional type, and forest stand age (Campioli et al., 2015; Collalti et al., 2020; De Lucia 85 

et al., 2007; Vicca et al., 2012). For example, De Lucia et al. (2007) reported CUE values from 0.22 to 0.83 across forests, 

with boreal forests ranging from 0.22 to 0.54. Data from the ForC database on forest C stocks and fluxes (Anderson-Teixeira 

et al., 2021), reveal that mean CUE in boreal forests is 0.44 in young forest (<100 years old) and 0.36 in mature forests (>100 

years).  

CUE is an essential parameter in many ecosystem models of C dynamic (He et al., 2018), including Biome-BGC and 90 

CENTURY. However, growth predictions are sensitive to CUE, for instance a 25% increase in CUE can lead to a >37% 

increase in growth per unit of photosynthesis (De Lucia et al., 2007). Because fine roots contribute a large share of NPP, model 

assumptions about fine root dynamics likely strongly influence estimates of CUE and conclusions about forest C storage. As 

noted by Neumann et al. (2020), uncertainty in fine‐root modelling leads to poor predictions of biomass and production, 

underscoring the need for quantitative analyses of fine‐root dynamics and their effects on regional NPP and CUE patterns. 95 

Here we examined how varying assumptions about fine root biomass and production influence estimates of NPP and 

CUE in Norwegian forests. We used two types of NPP estimates: (i) SR16-derived NPP, based on the Norwegian forest 
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resource raster (Hauglin et al., 2021), mapped at 16 m resolution but rescaled to 1 km, and (ii) MODIS NPP from the European 

dataset of Neumann et al. (2016). For the SR16-derived estimates, we compiled forest structural and compositional data and 

applied tree-species biomass and yield models (Eid et al., 2016; Maleki et al., 2022). These, combined with the national 100 

greenhouse gas (GHG) accounting methodology, were used to quantify NPP from tree biomass, foliage, and understory 

vegetation. Fine root NPP were estimated from leaf-area index and foliage biomass data, building on the assumption of 

proportionality between above- and belowground compartments (Neumann et al., 2020), with different fine root model 

parameters considered. Fine root biomass and production estimates were compared with literature values (Yuan and Chen, 

2010) and integrated into total NPP estimates for Norwegian forests. These estimates were then compared with the European 105 

NPP dataset (Neumann et al., 2016). Using a GPP estimation approach analogous to the MOD17 algorithm, we derived GPP 

and calculated CUE as NPP/GPP. Allocation of C to fine roots was quantified as the sum of fine root production and respiration 

relative to GPP. Finally, we examined variation in NPP, GPP, and CUE in relation to average forest age derived from the SR16 

raster. 

We hypothesized that NPP from SR16 data would increase with stand age until about 50 years and then decline, 110 

reflecting global age-related NPP patterns (Ryan et al., 1997a), driven by factors including (i) reduced photosynthetic capacity 

and leaf area, (ii) nutrient limitation, (iii) shifts in respiration and C allocation, and (iv) hydraulic constraints associated with 

increasing tree height and size. We further hypothesized that forest CUE would decline with stand age, consistent with De 

Lucia et al. (2007), and that CUE values would fall within the theoretical range of about 0.2–0.75 proposed by Amthor (2000). 

2 Methods 115 

2.1 European MODIS NPP and resampling of the SR16 forest resource map 

MODIS EURO was obtained from Neumann et al. (2016) and represents European MODIS NPP (g C m-2 yr-1) derived from 

the MOD17A3 Version 055, recalculated using downscaled European climate data from Moreno and Hasenauer (2016). We 

used this dataset instead of the global MODIS NPP product because it incorporates regionally downscaled climate inputs and 

has been validated against European National Forest Inventory (NFI) data, including Norwegian NFI data at the national scale. 120 

The MODIS EURO data has a pixel size of 0.0083° x 0.0083° with a spatial reference system of WGS 1984. Land cover 

information is derived from MCD12Q1 (2000), and the Leaf Area Index (LAI) and Fraction of Photosynthetically Active 

Radiation (FPAR) were sourced from MOD15 LAI/FPAR Collection 5.  

We retained MODIS pixels with >90% forest cover as defined by the SR16 Norwegian Forest Resources map. SR16 

provides national-level forest stand structure information at a 16 m resolution, generated from the national airborne laser 125 

scanning campaign initiated in 2015, and validated against NFI data (Hauglin et al., 2021). For each selected MODIS EURO 

pixel, all corresponding SR16 grid cells were identified, and forest attributes (forest age, site index, dominant tree species, 

stem volume, stand stem density) were extracted. Mean values of these attributes were then calculated for each selected 
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MODIS EURO pixel to enable correlation analyses between the MODIS EURO and SR16 dataset. The resampled SR16 data 

was used in all further analyses.  130 

2.2 Norwegian tree biomass and growth 

Forest growth was estimated using the stand-level growth and yield models developed for the Norwegian National Forest 

Inventory (NFI) by Maleki et al. (2022). These models predict annual changes in height, volume, stem density, basal area, as 

well as tree survival and ingrowth. Annual changes in height and volume were then used to calculate biomass increments for 

different tree components using the Norwegian biomass equations of Eid et al. (2016). These equations combine stand-level 135 

stem volume (ha-1) and site index to estimate biomass of stems, bark, branches (living and dead), foliage, stumps, and large 

roots. In contrast to the single-tree Marklund (1988) models, used in Norwegian GHG accounting, the Eid equations predict 

stand-level biomass, making them more compatible with the aggregated SR16 data. Summing these components provides the 

total annual increment in biomass across the stand. 

For estimating fine root biomass and production, models typically rely on foliage biomass or leaf area index (LAI) 140 

derived from remote sensing (Neumann et al., 2020). To explore and compare both approaches, we used the foliage biomass 

estimates from the models of Eid et al. (2016) and LAI from MODIS and from SR16 Majasalmi et al. (2018). However, since 

SR16 LAI is derived from allometric equations (Marklund, 1988), rather than remote sensing observations, we applied quantile 

mapping to scale SR16 LAI to the distribution of MODIS LAI. Quantile mapping was performed with the Qmap R package 

(Gudmundsson, 2016), using a quantile step of 0.01 to divide the data into 100 intervals. Quantile mapping was applied 145 

separately to each tree type (spruce, pine, and deciduous), harmonizing the LAI data across forest types while preserving 

original data distributions. After scaling, both SR16 and MODIS LAI values were converted to foliage biomass by dividing 

LAI by specific leaf area (SLA) values. The SLA were 4.95 m2 kg-1 for spruces (Stenberg et al., 1999), 6.2 m2 kg-1 for pines 

(Palmroth and Hari, 2001), and 13.55 m2 kg-1 for deciduous trees (Lintunen et al., 2011). Assuming a foliage C fraction of 0.5, 

the corresponding SLA values expressed in m2 kg-1 C were 12.4, 9.9, and 27.1 for pine, spruce, and deciduous trees, 150 

respectively.  

Tree production reflects both the accumulation of new biomass and the intra-annual production and turnover of 

biomass. Components with rapid turnover rates (<1 year), such as foliage, may not show noticeable changes in biomass from 

a single year’s increment, yet represent a large component of the annual tree growth. To account for this, we multiplied foliage 

biomass by species-specific turnover rates (yr-1) of 0.14 for spruce, 0.33 for pine, and 1.0 for deciduous trees, following the 155 

Norwegian GHG accounting methodology. Annual biomass increment and foliage production were then summed, and a C 

fraction of 0.5 was applied to express tree NPP in g C m-2 yr-1. Ultimately foliage biomass and production, were based on three 

different approaches: biomass, models by Eid et al. (2016), MODIS-LAI and SR16-LAI, scaled by quantile mapping. 
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2.3 Estimation of fine root biomass and production 

Fine root biomass and production were derived separately for each of the three foliage estimation approaches (i) the Eid et al. 160 

(2016) foliage biomass model, (ii) MODIS-based LAI, and (iii) SR16-based LAI scaled by quantile mapping. These are 

referred to as the foliage-based method, the MODIS-LAI method, and the scaled SR16-LAI method. 

Fine root biomass was calculated from foliage biomass estimates using species-specific fine root-to-foliage biomass 

ratios from Härkönen et al. (2011), originally sourced from Vanninen & Mäkelä (2005), and Helmisaari et al. (2007). Reported 

ratios range from 0.2–0.7 for pine, 0.18–0.7 for spruce, and 1.0–2.5 for deciduous trees, depending on vegetation types defined 165 

by Cajander (1925). These vegetation types represent a gradient from dry, nutrient-poor sites to moist, nutrient-rich sites and 

are classified as Calluna type (CT; dry heath forest), Vaccinium type (VT; dryish heath forest), Myrtillus type (MT; resh heath 

forest), and Oxalis-Myrtillus type (OMT; fresh, nutrient-rich forest). In addition to these ratios we also applied the ratios listed 

for Evergreen Needle Forest (ENF) and Deciduous Broadleaf Forest (DBF) in the Biome-Property-Look-Up-Table (BPLUT) 

of MODIS (Table 1). Since our NFI data do not include Cajander vegetation types, we applied the full reported range of fine 170 

root-to-foliage ratios for each species to assess how this variability affects fine root biomass and production. The adopted 

ranges were 0.18–1.2 for Norway spruce, 0.2–1.2 for Scots pine, and 1.1–2.5 for deciduous forests (Table 1). 

Fine root production was calculated by multiplying fine root biomass with tree species-specific turnover rates (times 

yr-1) of fine roots from Härkönen et al. (2011). Specifically, 0.81 for spruce, 0.87 for pine, and 1.0 for deciduous trees, 

independent of vegetation type. We evaluated the reliability of our estimates by comparison with biomass and production 175 

values reported in the boreal fine root meta-analysis of Yuan and Chen (2010). Residuals were calculated as the differences 

between our predicted biomass and production for forests dominated by Norway spruce, Scots pine, and birch, and the 

corresponding values for Picea, Pinus, and Betula in the meta-analysis. Reported biomass values (g m-2) were 2.78, 2.52, and 

4.15 for Picea, Pinus, and Betula, respectively, while reported production values (g m-2 yr-1) were 1.80, 2.80, and 1.85. We 

assumed a C fraction of 0.5 to express biomass (g C m-2) and production (g C m-2 yr-1) in units of C, in accordance with our 180 

data. 

To quantify the combined deviation from the meta-analysis results, we squared the biomass and production residuals 

and summed them. Residuals were squared to ensure all values were positive and to reflect a combined measure of deviation 

across both parameters. A square root transformation was done to rescale the summed residuals to the original units of the 

respective variables. The fine root–to–foliage biomass ratios that minimized the combined residuals were used in subsequent 185 

NPP calculations: 0.30 for spruce, 0.70 for pine, and 1.10 for deciduous (birch). 

2.4 Biomass and production of understory plants 

To estimate understory vegetation production, we followed the Norwegian GHG accounting methodology. Specifically, 

biomass values for understory plant components were sourced from the GHG accounting lookup table (Table S1). This table 

provides detailed information on vegetation biomass (kg ha-1) across various understory components (mosses, lichens, 190 
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herbaceous plant, and shrubs), forest types (spruce, pine, and deciduous-dominated forests) and age classes. To estimate 

production, we multiplied the biomass values by turnover rates specific to each understory component (Table S2). Production 

was converted to units of C by assuming a biomass C fraction of 0.5. After conversions, the final expressed understory NPP 

in g C m-2 yr-1. 

 195 

Table 1 Summary of fine root and foliage parameters 

Variable 
Norway 

spruce 

Scots 

pine 
Deciduous Source 

Ratio of fine root biomass to 

foliage biomass (CT) 
0.54 0.70 2.50 Härkönen et al. (2011) 

Ratio of fine root biomass to 

foliage biomass (MT) 
0.30 0.36 1.50 Härkönen et al. (2011) 

Ratio of fine root biomass to 

foliage biomass (VT) 
0.42 0.51 2.00 Härkönen et al. (2011) 

Ratio of fine root biomass to 

foliage biomass (OMT) 
0.18 0.20 1.00 Härkönen et al. (2011) 

Ratio of fine root biomass to 

foliage biomass (MODIS) 
1.20 1.20 1.10 MOD17 Collection 6 User’s Guide, 2019 

Specific leaf area (m2 kg-1 

biomass) 
4.95 6.2 13.55 

(Lintunen et al., 2011; Palmroth and Hari, 

2001; Stenberg et al., 1999) 

Fine root biomass turnover 

(times yr-1) 
0.81 0.87 1.00 Härkönen et al. (2011) 

Foliage biomass turnover 

(times yr-1) 
0.14 0.33 1.00 Norwegian NFI 

2.5 Net primary production and gross primary production 

The estimated tree NPP, fine root NPP and understory NPP, were summed to represent total NPP (g C m -2 yr-1), hereafter 

referred to as SR16-based NPP. Both SR16-based NPP and MODIS NPP were used in the calculation of GPP (g C m-2 yr-1). 

We employed a similar approach to calculate GPP as the MOD17 algorithm, but with some modifications. The MOD17 200 

algorithm relies on parameters listed in the Biome Property Look-Up Tables (BPLUT), and the relationship between GPP and 

NPP is described as: 

 

GPP = NPP + Ra           (1)  

 205 

where GPP represents the total C captured via photosynthesis, represent the sum of NPP and autotrophic respiration (Ra). 

Autotrophic respiration consists of growth respiration (Rg) and maintenance respiration (Rm), defined as: 
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Ra = Rg + Rm             (2) 

 210 

Growth respiration (Rg) represents the energy required to synthesize organic compounds during photosynthesis. In the MODIS 

algorithm, Rg is empirically parameterized as 25% of NPP (Cannell and Thornley, 2000; Ryan, 1991). We applied this 

parameterization by setting Rg to 25% of tree NPP, understory NPP, and fine root NPP, thereby yielding Rg values for each 

respective component. Maintenance respiration (Rm) represents the energy required to sustain basic cellular functions, such 

as cell integrity, tissue repair, and essential processes like ion transport, and is calculated as: 215 

 

Rm = foliage-Rm + f.root-Rm + wood-Rm         (3) 

 

where foliage-Rm, f.root-Rm, and wood-Rm represent the maintenance respiration of foliage biomass, fine roots, and living 

wood, respectively. Each Rm component is calculated as the product of biomass, a base respiration rate per unit biomass 220 

(reflecting C maintenance costs), and a Q10 parameter, which adjusts respiration according to temperature (°C). For instance, 

foliage-Rm can be expressed as: 

 

foliage-Rm = foliage-biomass × foliage-Rbase × 𝑄10𝑅𝑚(𝑇𝑎𝑣𝑔 −20.0) / 10.0     (4) 

 225 

Maintenance respiration is calculated similarly for foliage, fine roots, and living wood. For living wood, biomass is estimated 

indirectly based on foliage biomass by applying livewood-to-foliage ratios. For evergreen needleleaf forests (ENF), this ratio 

is 1.2; for deciduous broadleaf forests (DBF), it is 1.1. Since the equations from Eid et al. (2016) provide estimates of total 

wood volume rather than living wood, we applied the same ENF and DBF foliage-to-wood ratios to estimate living wood 

biomass in needle-leaved (spruce and pine) forest and deciduous (birch) forests accordingly. Q10 is set to 2.0 for both living 230 

wood and fine roots (adopting Q10 values from BPLUT), while for foliage biomass it is calculated using a temperature-

dependent Q10 equation from Tjoelker et al. (2001): 

  

Q10 = 3.22 – 0.046 * Tavg          (5) 

 235 

After estimating NPP and Rm, GPP was calculated for the three fine-root NPP estimation methods (foliage-based, scaled SR16 

LAI, and MODIS LAI) as: 

 

GPP = 1.25 × (tree NPP + understory NPP + fine root NPP) + Rm       (6) 

 240 
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Note that NPP is multiplied by 1.25 to consider Rg in addition to NPP (Cannell and Thornley, 2000; Ryan, 1991). Values of 

GPP were related to NPP to provide ratios of NPP/GPP, also known as carbon use efficiency (CUE). Additionally, the fraction 

of C allocated to fine roots was calculated as: 

 

Fine root C allocation = 1.25 × (NPP fine roots + fine rootRm) × 1/GPP      (7) 245 

 

Variation in NPP, GPP, and CUE was related to forest age using Locally Estimated Scatterplot Smoothing (LOESS) regression, 

which was applied to capture non-linear age-related patterns without imposing a predefined functional form.  

3. Results 

3.1 Fine root biomass and production 250 

Fine root biomass and production were estimated using two general approaches, for three different methods: 1) the foliage-

based method, 2) the MODIS LAI-based method, and 3) the scaled SR16 LAI-based method derived from allometric equations. 

These estimates were evaluated against values reported in the fine root meta-analysis by Yuan and Chen (2010). 

For Norway spruce, the lowest residual biases for both biomass (g C m-2) and production (g C m-2 yr-1) across all three 

methods, were obtained when applying a fine-root-to-foliage biomass ratio of 0.42, representative of Vaccinium-type 255 

vegetation. The average root-mean-squared residuals (RMSRs) were 24.7 for biomass and 10.9 for production (Fig. 1). The 

combined total residual, calculated as the square root of the sum of squared residuals for biomass and production, was also 

lowest for Myrtillus-type vegetation. 

For Scots pine, the lowest residuals were found with a fine-root-to-foliage biomass ratio of 0.7, assumed for Calluna-

type vegetation. The RMSRs were 28.4 for biomass and 23.8 for production (Fig. 1), with the combined total residual again 260 

being lowest for Calluna-type vegetation. 

For deciduous (birch) forest, the lowest biomass residuals (63.4 g C m-2) were obtained with a fine-root-to-foliage 

biomass ratio of 2, assumed for Vaccinium-type vegetation. However, for production, the lowest residual (53.1 g C m-2 yr-1) 

occurred with a ratio of 1.0, representative of Oxalis-Myrtillus-type vegetation. Despite the lowest residuals being associated 

with Vaccinium-type and Oxalis-Myrtillus-type vegetation, large discrepancies across methods for estimating fine root biomass 265 

and production were observed (Fig. 2). Consequently, the lowest combined total residual for both biomass and production was 

obtained with a ratio of 1.1, corresponding to the fine-root-to-foliage ratio for DBF listed in the MODIS BPLUT. 

For fine root biomass, the foliage-based method consistently underestimated biomass across all species, with median 

residuals (g C m-2 yr-1) of -4.9 for Norway spruce, -56.6 for Scots pine, and -180.0 for deciduous forests. In contrast, the LAI-

based methods (MODIS LAI and scaled SR16 LAI) generally overestimated biomass for forests of Norway spruce (+33.9) but 270 

underestimated it for Scots pine (-14.4) and deciduous forests (-5.0). 
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For fine root production, the foliage-based method provided estimates closest to those reported by Yuan and Chen 

(2010) for spruce, with a median residual of +18.8. However, this method underestimated production for pine and deciduous 

forests, with median residuals of -79.8 and +65.1, respectively. The LAI-based methods overestimated production for spruce 

(+50.2) and birch (+110), but underestimated production for pine (-71.6) (Fig. 2). 275 

 
Figure 1: Residuals for estimated fine root biomass (a) and production (b), and the combined residuals of biomass and production 

(c) in Norwegian forests dominated by Norway spruce, Scots pine, or deciduous trees (primarily Betula spp.). Residual are calculated 

based on the difference between fine root estimates in the meta-analysis by Yuan and Chen (2010) and our values of fine root biomass 

and production, derived from three different methods for estimating foliage biomass and related fine root biomass and production. 280 
The vegetation types represent a gradient from dry, nutrient-poor sites (Calluna type) to moist, nutrient-rich sites (Oxalis-Myrtillus 

type). 
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Figure 2: Residuals for fine root biomass (a) and fine root production (b) across tree species and methods for estimating foliage 

biomass and related fine root biomass and production. For each species, five foliage-to-fine-root biomass ratios were assumed (Table 285 
1). The foliage-based method used allometric foliage biomass, while the two LAI-based methods estimate foliage biomass from LAU 

and specific leaf area. LAI data were obtained from MODIS (MODIS LAI) or from optically scaled SR16 values (SR16 LAI). Each 

boxplot shows the interquartile range (Q1–Q3), with whiskers extending to the smallest and largest values within 1.5 × IQR from 

Q1 and Q3. 

3.2 SR16-based NPP compared to MODIS EURO NPP 290 

Across all tree species, SR16-based annual tree NPP represented ~17% of the total annual MODIS NPP and ranged from 1–

200 g C m-2. In comparison, MODIS Euro NPP values ranged from 169–614 g C m-2 for spruce, 89–673 g C m-2 for pine, and 

63–635 g C m-2 for deciduous forests. SR16-derived NPP ranged from 40–531 g C m-2 yr-1 for Norway spruce, 57.4–602 g C 

m-2 yr-1 for Scots pine, and 19.3 to 603 g C m-2 yr-1 for deciduous forests, with means of 278, 311, and 248 g C m-2 yr-1, 

respectively (Fig. 3). Across all forest types, MODIS annual NPP averaged 428 g C m-2. 295 

Depending on the method used to estimate fine roots, SR16 NPP represented on average 52% of MODIS NPP for the 

foliage-based approach and 84–86% for the LAI-based approaches across all forest types (Fig 3). Linear regressions between 

total SR16-based NPP and MODIS Euro NPP revealed varying correlations across tree species and methods. For Norway 

spruce, R2 values ranged from 0.12 (foliage-based method) to 0.22 (MODIS LAI-based method), with slopes between 0.33 to 

0.40. The SR16-derived NPP was consistently lower, representing 59–68% of MODIS NPP. 300 

For Scots pine, R2 values ranged from 0.33 (foliage-based) to 0.52 (MODIS LAI-based), with slopes from 0.39–0.67. 

The MODIS LAI-based method produced the slope closest to 1, indicating the least degree of deviation. As with Norway 

spruce, SR16-derived NPP for Scots pine was lower than MODIS, accounting for 59–68% of MODIS NPP. 
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For deciduous forests, R2 values ranged from 0.30 (foliage-based) to 0.19 (MODIS LAI-based), with slopes between 

0.31 and 0.41. The SR16-derived NPP exhibited large variability, representing 31–117% of MODIS NPP. This variation was 305 

influenced by the fine root estimation method, with the foliage-based approach resulting in lower SR16 NPP, whereas the LAI-

based methods yielded higher estimates. 

  

Figure 3: Relationships between tree NPP (column a) and total NPP (columns b–d) derived from different methods for estimating 

foliage biomass, and associated fine root biomass and production, compared with MODIS Euro NPP, for forests dominated by 310 
Norway spruce, Scots pine, or deciduous trees (primarily Betula spp.). All values are based on species-specific foliage-to-fine-root 

biomass ratios. The foliage-based method uses allometric estimates of foliage biomass, while the two LAI-based methods derive 

biomass from LAI and specific leaf area. Column (c) incorporates LAI from MODIS, and column (d) uses LAI from the Norwegian 

forest resources map, SR16, scaled using quantile mapping to match MODIS optical LAI. The colour gradient represents site index 

(a proxy for site fertility). Vertical and horizontal bars along the axes show the distribution of site index values. All site index values 315 
are log10-transformed. 

3.3 NPP and GPP relative to forest age 

NPP variation across forest age was assessed using LOESS regression, revealing that NPP increased to a peak during mid-

succession and then declined. The rate of increase and subsequent decline varied depending on the method used to estimate 

fine root biomass and production. Peak NPP ages for each species and method are summarized in Table 2. For Norway spruce, 320 

peak NPP occurred between 52–68 years, for Scots pine between 64–80 years (LAI-based methods), and for deciduous forests 
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between 51–70 years, with corresponding peak NPP values of 300, 339, and 274 g C m-2 yr-1, respectively. Age-related 

variation in NPP was strongest in spruce-dominated forests, weaker in pine forests, and not apparent in deciduous stands (Fig. 

4). MODIS Euro NPP showed only weak age-related variation, with peak values at 43 years (spruce), 55 years (pine), and 74 

years (deciduous), and corresponding NPP values of 437, 394, and 293 g C m-2 yr-1. Large discrepancies in estimated NPP 325 

were evident for deciduous forests, with the foliage-based method estimating an average NPP of 87 g C m-2 yr-1, while the two 

LAI-based methods produced an average NPP of 332 g C m-2 yr-1 (Fig. 4). 

GPP ranged from 149–1845 g C m-2 yr-1 for Norway spruce, 225–1326 g C m-2 yr-1 for Scots pine, and 60–1081 g C 

m-2 yr-1 for deciduous forests, with means of 750, 671, and 378 g C m-2 yr-1, respectively (Fig. S1). Similar to NPP, GPP 

increased with forest age until mid-succession peak (Fig. S1) and then declined (Norway spruce) or stabilised (Scots pine). No 330 

clear age-related variation in GPP was observed for deciduous (birch) forests. 

 

Table 2: Forest age at peak NPP and associated values for different species and fine root estimation approaches 

  Foliage-based 

method 

LAI-based 

method (scaled) 

LAI-based 

method (MODIS) 

MODIS Euro 

NPP 

Norway Spruce         

Forest age at peak NPP 68 52 62 43 

NPP (g C m-2 yr-1) 275 316 309 437 

Scots pine     

Forest age at peak NPP 179 64 80 55 

NPP (g C m-2 yr-1) 304 383 330 394 

Deciduous     

Forest age at peak NPP 70 51 61 74 

NPP (g C m-2 yr-1) 96 373 352 293 
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 335 
Figure 4: Relationships between total annual net primary production (NPP) and forest age across Norwegian forest areas dominated 

by Norway spruce, Scots pine, or deciduous trees (primarily Betula spp.). Panels (a–c) show NPP based on the Norwegian Forest 

Resources SR16 raster using three fine root estimation approaches: foliage-based method (a; using allometric estimates of foliage 

biomass) and two LAI-based methods (b; MODIS LAI and c; optically scaled SR16 LAI). Panel (d) shows MODIS Euro NPP as a 

function of forest age. Solid lines represent LOESS (Locally Estimated Scatterplot Smoothing) regressions of the development of 340 
NPP with forest age. Dashed vertical line marks the maximum NPP from the regression fit. The colour gradient reflects site index 

(fertility), with values log10-transformed. 

3.4 Forest carbon use efficiency 

The ratio of NPP to GPP (CUE) decreased with increasing forest age in both Norway spruce and Scots pine forests. According 

to the power-law fit, CUE declined from a maximum of 0.56 to a minimum of 0.30 in Norway spruce forests, and from a 345 

maximum of 0.58 to a minimum of 0.40 in Scots pine forests (Fig. 5). The corresponding CUE values, derived from the mode 

of the density distribution, ranged from 0.32–0.40 for Norway spruce and from 0.43–0.44 for Scots pine, depending on the 

fine root production estimation method and whether MODIS data were used (Fig. 6). In contrast, the power-law fit for 

deciduous forests did not indicate an age-related decline in CUE (Fig. 5). However, the variability in CUE estimates for 

deciduous forests was similar to that observed in Norway spruce and Scots pine forests (Fig. 6). According to the power law 350 
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fit, CUE in deciduous forests ranged from 0.47–0.63 across various forest ages, generally higher than values estimated for 

Norway spruce and Scots pine (Fig. 5, Fig. 6). 

 
  

Figure 5: Relationships between the ratio of net primary production (NPP) to gross primary production (GPP) and forest age in 355 
Norwegian forest areas dominated by Norway spruce, Scots pine, or deciduous trees (primarily Betula spp.). The NPP/GPP ratio 

reflects carbon use efficiency (CUE) of the forest, indicating the proportion of C fixed by photosynthesis that is converted into 

biomass. Panels (a-c) show CUE derived from SR16 NPP, using three fine root estimation methods (foliage-based, MODIS LAI-

based, and SR16 LAI-based). Panels (b) uses LAI data from MODIS, while panels (c) uses LAI data from the Norwegian Forest 

Resources Map SR16 scaled to optical LAI. Column (d) shows MODIS NPP-based CUE estimation, whereas SR16 data is used for 360 
biomass estimation in all GPP calculations for ecosystem respiration. Solid lines represent a power-law function fitted to the data, 

showing CUE development with forest age. Point colours reflect site index (fertility), with site index values log10-transformed. 

3.5 Allocation of carbon to fine roots 

The estimated fraction of GPP allocated to fine roots varied across forests dominated by Norway spruce, Scots pine, and 

deciduous trees, and was influenced by the method used to assess fine root production (Fig. S2). For Norway spruce, median 365 

allocation ranged from 0.20–0.25, for Scots pine from 0.22–0.30, and for deciduous forests from 0.20–0.50. Deciduous forests 
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showed the largest variability and generally higher allocation to fine roots, reflecting their greater estimated fine root 

production (Fig. 1b, Fig. 2b). 

 

 370 
Figure 6: Density distribution of the ratio of net primary production (NPP) to gross primary production (GPP), estimated using 

different methods for determining fine root production. Panel (a) shows CUE based on the foliage-based method using allometric 

estimates of foliage biomass. Panels (b) and (c) show CUE derived from LAI-based methods, either using LAI from MODIS (b) or 

SR16 (c) scaled from allometric to optical LAI. Panel (d) represent the CUE distribution adopting European MODIS data but SR16 

data for estimating ecosystem respiration in the GPP calculations. 375 

4 Discussion  

Quantifying the contribution of fine roots to the ecosystem C cycle remains a major challenge and a key source of uncertainty 

in forest C modelling. This study provides a quantitative assessment of how uncertainty in fine root representation propagates 

into estimates of NPP and CUE by comparing multiple modelling approaches across Norwegian boreal and nemo-boreal 

forests. When considering only tree growth (annual increment in tree biomass + foliage production), SR16-derived tree NPP 380 

represented on average 16% of MODIS NPP. Including the production of understory vegetation and fine roots increased SR16 

total NPP to an average of 52–86% of MODIS NPP, depending on the method used to estimate fine root production, with the 

two LAI-based approaches yielding the highest NPP contributions. These results demonstrate that regional estimates of forest 

C fluxes are highly sensitive to assumptions about fine root dynamics, highlighting the need for explicit representation of 

belowground processes in large-scale forest C assessments. 385 
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4.1 NPP and GPP of Norwegian forests 

Forest age-related variation in NPP is well documented, and it is a universal phenomenon that NPP rapidly increases until mid-

succession and thereafter decreases with increasing forest age (Gower et al., 1996; Ryan et al., 1997a; Tang et al., 2014). The 

increase in NPP during early stand development is largely driven by enhanced photosynthetic capacity associated with 

expanding leaf area (Ryan et al., 1997a; Yan et al., 2006). Following mid-succession, declining NPP is commonly attributed 390 

to shifts in C allocation and respiratory costs, along with increasing hydraulic constraints and nutrient limitations as stands age 

(Anderson-Teixeira et al., 2021; Chen et al., 2002; Ryan et al., 1997a; Tang et al., 2014). 

In contrast to this expected trajectory, NPP derived from MODIS EURO did not show the initial increase with forest 

age until mid-succession. Instead, MODIS NPP remained consistently high in young forests and decreased with increasing 

forest age. When forest NPP was estimated using SR16 data, however, clear age-related patterns emerged, particularly in 395 

forests dominated by Norway spruce. Peak NPP occurred between 50 and 70 years of age, with values ranging from 280– 320 

g C m-2, depending on the method used to assess fine root production.  

Scots pine-dominated forests exhibited a similar age-related pattern, although the increase in NPP during early 

succession was less clear than in Norway spruce forests. Peak NPP was estimated across a broader range of ages (64–109 

years), with values between 300 and 380 g C m-2 yr-1. When fine root biomass was estimated using foliage biomass, NPP 400 

increased until mid-succession (around 60 years), after which it continued to increase but at a slower rate compared to early 

succession. 

Deciduous forests, in contrast, did not exhibit clear age-related variations in NPP. However, maximum NPP was 

observed at 50–70 years, similar to Norway spruce and Scots pine forests. Unlike coniferous forests, the method for deciduous 

used to estimate fine root production had a large impact on the calculated NPP, due to the wide variation in estimated fine root 405 

production. Specifically, peak NPP ranged from 96–373 g C m-2 yr-1, with the two LAI-based methods yielding values more 

than three times higher than those obtained using the foliage-based approach.  

According to the meta-analysis by Yuan and Chen (2010), the average fine root production in boreal Betula spp. 

forests (n = 19) is 92.5 g C m-2 yr-1. Based on the foliage-based method for fine root, the residuals ranged from -74.2 to -46.8, 

corresponding to fine root production estimates of 18–45.7 g C m-2 yr-1. In comparison, using LAI-based methods, residuals 410 

ranged from 42.5–245.0, corresponding to annual fine root production estimates of 135.0–337.5 g C m-2 yr-1. This broad range 

reflects a large uncertainty in fine root estimation for deciduous forest forests and may partially be attributed to the uncertainty 

(R2 = 0.57; Eid et al. 2016) associated with the foliage biomass function for birch dominated forests. However, the estimates 

from Yuan and Chen (2010), derived from Betulaceae forest are based on a limited number of sites, and fine-root dynamics in 

such forest remains understudied particularly in the hemi-boreal and boreal zone (Finér et al., 2011; Hansson et al., 2013; 415 

Ostonen et al., 2017; Varik et al., 2015). Ding et al. (2019) reported that belowground litter C input in northern boreal birch 

forests was 1.7 times higher than aboveground inputs, suggesting that fine root contributions likely dominate the soil C input 
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in birch stands. The LAI-based method for estimating fine root production appears to align with this observation, in contrast 

to the foliage-based approach, which yielded lower estimates of fine root production.   

4.2 SR16-based NPP relative to external sources 420 

Global estimates of NPP from the ForC database show that young (<100 years) boreal forests have an average NPP of 372 g 

C m-2 yr-1, while mature (>100 years) forests have a lower values averaging 270 g C m-2 yr-1 (Anderson-Teixeira et al., 2021). 

In comparison, SR16-derived NPP for young forests averaged 285, 318, and 248 g C m-2 yr-1 for Norway spruce, Scots pine, 

and deciduous forests, respectively. For mature forests, the corresponding SR16-based NPP values were 243, 306, and 249 g 

C m-2 yr-1.  425 

Overall, SR16-based NPP followed the same general pattern as the ForC database, with higher NPP in young forests 

compared to mature forests. However, absolute values were generally lower than the global averages, with the exception of 

mature Scots pine forests, which exhibited higher average NPP than reported in the ForC dataset.  

A similar pattern was observed for GPP. Global ForC estimates indicate average GPP values of 835 g C m-2 yr-1 for 

young boreal forests and 758 g C m-2 yr-1 for mature forests (Anderson-Teixeira et al., 2021). In comparison, SR16-based GPP 430 

estimates for young forests averaged 731, 680, and 423 g C m-2 yr-1 for Norway spruce, Scots pine, and deciduous forests, 

respectively. For mature forests, mean GPP values were 697, 687, and 416 g C m-2 yr-1. Thus, SR16-based GPP estimates 

exhibit similar age-related trends but are consistently lower than the global averages. 

Moreover, large discrepancies in NPP and GPP estimates for deciduous forests were observed between the foliage-

based and LAI-based approaches. The foliage-based method produced NPP estimates that were, on average, only 26% of those 435 

derived from the LAI-based methods, primarily due to lower estimates of foliage biomass and fine root production. This 

highlights the sensitivity of NPP estimates to assumptions regarding foliage and fine root allocation in deciduous forests. It is 

also important to note that NPP values in Nordic forests tend to be at the lower end of the range for global boreal forests 

(Gower et al., 2001), and that external NPP observations are relatively limited for Nordic forests compared with other boreal 

and temperate regions. However, the lack of a direct 1:1 correlation between MODIS EURO NPP and our SR16-based NPP 440 

estimates likely stem from model uncertainties and underestimation of certain NPP component, both yielding prediction biases. 

MODIS EURO NPP is derived from the global MODIS NPP product but incorporates downscaled European climate 

data, providing more realistic NPP estimates that align closely with European NFI data (Neumann et al., 2016), including 

Norwegian NFI data. Nevertheless, MODIS EURO may overestimate NPP in areas with inherently low NPP (~400 g C m -2 

yr-1), which could partly explain the generally lower SR16-based NPP values.  445 

Despite the generally lower NPP and GPP values in our analysis, the SR16-based NPP and GPP estimates remain of 

the same order of magnitude as those reported in external datasets (Anderson-Teixeira et al., 2021; Gower et al., 2001). Yet, 

discrepancies between the SR16-based NPP estimates and global NPP datasets may arise from variations in climate, forest 

structure (e.g., differences in stand age distributions), and forest management practices. For example, areas with a high 

frequency of logging or clearcutting could still be present and may potentially contribute to lower SR16-derived NPP estimates 450 
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compared to MODIS EURO. Finally, while the Eid et al. (2016) model was developed to estimate stand-level biomass of 

Norwegian forests, it has some predictive biases, particularly in forested areas of western and northern Norway, where it tends 

to underestimate biomass. This bias may also contribute to explaining the overall low estimated NPP. 

 4.3 Carbon use efficiency of Norwegian forests 

According to the power-law fits, the NPP/GPP ratio (CUE) in Norwegian forests ranged from a maximum of 0.63 to a 455 

minimum of 0.32, consistent with our hypothesis that CUE falls within the theoretical limits of 0.2–0.75 proposed by Amthor 

(2000), based on calculations of growth- and maintenance respiration costs. Moreover, CUE declined with increasing forest 

age, consistent with observations by De Lucia et al. (2007) and Piao et al. (2010), and reflecting that early-succession forests 

fix more atmospheric CO2 relative to their uptake than late-succession forests. In addition to forest age, CUE variation 

according to tree species was observed. Scots pine-dominated forests displayed higher CUE (0.58 - 0.42) than Norway spruce 460 

forests (0.56 – 0.30). The highest CUE was observed in deciduous forests (0.63 – 0.47), although this result is confounded by 

large uncertainties related to fine root production predictions. Value of CUE were generally lowest in Norway spruce forests, 

due to exhibiting the strongest age-related CUE decline, with a minimum CUE of 0.30, compared to a minimum CUE of 0.40 

in Scots pine forests. Additionally, our CUE the estimates were consistent with the empirical CUE range of 0.22 to 0.54 derived 

from boreal forests (Malhi et al., 1999; Ryan et al., 1997b; Turner et al., 2003) and summarized by De Lucia et al. (2007), with 465 

an average CUE of 0.32.  

Global MODIS-based estimates from Zhang et al. (2014) reported mean CUE values of 0.59 for evergreen needle-

leaf forests and 0.47 for deciduous broadleaf forests in the Northern Hemisphere. Expanding beyond MODIS data, Jin et al. 

(2025) used FLUXNET eddy-covariance measurements and reported a CUE range of 0.46–0.67 for continental evergreen 

needle-leaf forests across Canada, Finland, and Russia, with an average of 0.57. In comparison, the mode of our CUE estimates 470 

ranged from 0.32–0.40 for Norway spruce forests, 0.43–0.44 for Scots pine forests, and from 0.47 to 0.63 for deciduous (birch) 

forests. When compared with the CUE ranges reported by Zhang et al. (2014) and Jin et al. (2025), our CUE estimates are 

generally lower, especially for Norway spruce and Scots pine forests. 

Norwegian forests span a wide range of ecological conditions, extending from the temperate zone in the south to the 

Arctic zone in the north, and includes strong gradients in both temperature and precipitation. Previous work highlights large 475 

spatial variation on CUE globally and concluded that CUE is largely driven by variations in vegetation type (Bradford and 

Crowther, 2013; Zhang et al., 2009), soil fertility (Vicca et al., 2012; Zhang et al., 2019), temperature (Piao et al., 2010) and 

as well as precipitation and hydrology (Chen and Yu, 2019), with Zhang et al. (2009) reporting declining vegetation CUE with 

increasing annual precipitation until it reaches a threshold of 2000-2500 mm, after which it remains stable. 

Global studies have documented a parabolic relationship between precipitation, temperature, and CUE (Chen and Yu, 480 

2019; Jin et al., 2025; Piao et al., 2010). Specifically, CUE increases with air temperature between 5 °C and 25 °C but declines 

when precipitation exceeds about 500 mm, possibly attributed to increased cloudiness that leads to reduced solar radiation 

(Zhang et al., 2009). In this study, the SR16 dataset showed an average annual precipitation of 1092 mm (range: 326–4434 
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mm, median 983 mm) and a mean temperature of 2.8°C (range: -2.0°C to 8.4°C, median 2.8°C), as shown in the precipitation 

and temperature density distribution plots of the resampled SR16 data (Fig. S3). Potentially, variation in temperature combined 485 

with both extreme high and low precipitation contribute to the generally lower CUE estimates observed in this study. However, 

disentangling these effects is difficult due to the multiple interacting factors influencing CUE (Jin et al., 2025). Additionally, 

climatic factors also strongly influenced tree species distributions in our analysis. Scots pine and deciduous forests were most 

prevalent under the driest and wettest conditions, while Norway spruce dominated areas with intermediate precipitation (~1000 

mm). At temperatures below 0°C, deciduous forests, primarily birch, were most common, followed by Scots pine. As 490 

temperatures increased, Norway spruce became more prevalent, while the warmest conditions again favoured deciduous forests 

and Scots pine and potential confounding factors, such as tree species-specific variations in NPP, makes it challenging to 

establish the precise drivers of CUE in our study. 

4.4 Methodological limitations 

Estimates of CUE are often contentious due to the propagation of errors associated with methods for calculating NPP and GPP 495 

(De Lucia et al., 2007; Jin et al., 2025; Vicca et al., 2012). Remote sensing-derived GPP often relies on NPP and autotrophic 

respiration estimates, yet respiration is frequently partially inferred from NPP, creating a circular dependency (De Lucia et al., 

2007; Kerkhoff et al., 2005; Waring et al., 1998). This issue is particularly prevalent in satellite products, where GPP is 

calculated using metrics like fAPAR and hydrometeorological data (Justice et al., 2002; Running et al., 2004). 

To mitigate this circular dependency, we incorporated external forest SR16 data for NPP. However, our GPP estimates 500 

still depend on the MOD17 approach, which applies generalized parameterizations to estimate autotrophic respiration based 

on biomass, introducing a degree of uncertainty to our GPP and CUE estimate. In addition, the biomass models used in this 

study exhibit known predictive uncertainties, including underestimation biases in western and northern Norway (Eid et al., 

2016), adding a degree of uncertainty to our NPP estimates. 

Another limitation of our approach is the use of fixed turnover rates for fine roots across forest ages. Fine root 505 

turnover, along with mycorrhizal mycelial turnover, decreases with forest age (Hagenbo et al., 2017; Yuan and Chen, 2012), 

but this dynamic was not accounted for in our approach. Using fixed turnover rates across forest ages constrained our estimates 

of belowground C allocation. As a result, our model predicted lower CUE under conditions of high fertility, as indicated by 

site index which is likely incorrect. 

Forest CUE generally increases with soil nutrient availability (Zhang et al., 2019), with the effect that trees allocate 510 

proportionally more C to aboveground parts in nutrient-rich soil (Vicca et al., 2012) because constraints on belowground 

nutrient acquisition are alleviated. However, assuming fixed turnover rates creates a linear relationship between foliage 

biomass and fine root biomass. High foliage biomass directly increases fine root biomass, thereby elevating maintenance 

respiration. This approach implicitly assumes that variation in fine root dynamics is driven solely by foliage biomass, 

neglecting shifts in nutrient-mediated belowground C allocation (Vicca et al., 2012). Consequently, the use of fixed turnover 515 

rates restricts the modeled variability in belowground allocation and likely explains the relatively narrow range of fine root 
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allocation estimated in this study. Specifically, the interquartile range of the estimated fraction of GPP allocated to fine roots 

was 0.13–0.32 for Norway spruce, 0.13–0.42 for Scots pine, and 0.04–0.74 for deciduous forests. Likely this natural variability 

in C allocation is greater. Nevertheless, considering that about 60% of GPP is allocated belowground in boreal forests (Gill 

and Finzi, 2016; Litton et al., 2007), our estimates of fine root allocation align with this value when considering additional C 520 

allocation to mycorrhizal fungi. 

5 Conclusion 

Here we evaluated how three approaches for estimating fine root production affect NPP and CUE estimates in Norwegian 

forests. The results show that the choice of method has a strong impact on both total NPP and its component fluxes. Excluding 

fine roots creates a major gap and underestimates total NPP. For example, tree growth alone accounted for just 16% of MODIS 525 

NPP, while including understory and fine root production increased NPP to 52–86% of MODIS values, depending on the 

method used, with LAI-based approaches contributing the most. These findings highlight that estimates of regional C fluxes 

are sensitive to assumptions about fine root dynamics, underscoring the importance of evaluation of fine root contributions 

into forest C analyses, such as national C accounting methods. 

Mean NPP across young to mature forests ranged from 318–243 g C m-2 yr-1, which are generally lower than NPP 530 

values reported in global analyses of boreal forests (typically 372–270 g C m-2 yr-1 for comparable age classes). Nevertheless, 

NPP patterns for Norway spruce and Scots pine followed expected age-related dynamics, with productivity increasing in young 

stands, peaking at mid-succession, and declining with advancing age. Forest CUE, derived from estimated NPP and GPP, also 

decreased with age, ranging from 0.63 in younger stands to 0.32 in older stands, consistent with theoretical CUE limits between 

0.6 and 0.2. 535 

Regional estimates of forest CUE may guide management by identifying areas with low efficiency where 

interventions may enhance C sequestration. The effectiveness of forest-based climate mitigation strategies—such as 

afforestation, deforestation reduction, and forest restoration—partly depends on site-level CUE. Prioritizing areas with low 

but improvable CUE could increase C uptake and strengthen the impact of these mitigation efforts. However, strategies 

targeting improved CUE should also account for broader ecosystem services, including biodiversity and resilience to climate 540 

extremes, to ensure that gains in C sequestration do not compromise other key forest functions. 
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