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ARTICLE INFO ABSTRACT

Editor: Elena Paoletti Boreal forests play an important role in the global carbon (C) cycle, and there is great interest in understanding
how they respond to environmental change, including nitrogen (N) and water limitation, which could impact
future forest growth and C storage. Utilizing tree cores archived by the Swedish National Forest Inventory, we
measured stemwood traits, including stable N and C isotope composition which provides valuable information
related to N availability and water stress, respectively, as well as N and C content, and C/N ratio over 1950-2017
in two central Swedish counties covering an area of ca. 55,000 sq. km (n = 1038). We tested the hypothesis that
wood traits are changing over time, and that temporal patterns would differ depending on alternative dendro-
chronological reconstruction methods, i.e. the commonly applied “single tree method” (STM) or a conceptually
stronger “multiple tree method” (MTM). Averaged across all MTMs, our data showed that all five wood traits for
Picea abies and Pinus sylvestris changed over time. Wood 8'°N strongly declined, indicating progressive nitrogen
limitation. The decline in §'3C tracked the known atmospheric §'3CO, signal, suggesting no change in water
stress occurred. Additionally, wood N significantly increased, while C and C/N ratios declined over time.
Furthermore, wood trait patterns sometimes differed between dendrochronological methods. The most notable
difference was for §!°N, where the slope was much shallower for the STM compared to MTMs for both species,
indicating that mobility of contemporary N is problematic when using the STM, resulting in substantially less
sensitivity to detect historical signals. Our study indicates strong temporal changes in boreal wood traits and also
indicates that the field of dendroecology should adopt new methods and archiving practices for studying highly
mobile element cycles, such as nitrogen, which are critical for understanding environmental change in high
latitude ecosystems.
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models, atmospheric CO; levels are predicted to more than double by
the end of the century. Present-day boreal forests not only grow in an

1. Introduction

Boreal forests play an important role in the global carbon (C) cycle
due to their capacity to take up and store a considerable amount of
global C (Pan et al., 2011; DeLuca and Boisvenue, 2012; Lucas et al.,
2016). As the world's largest vegetation type, this circumpolar forest belt
covers about 11 % of the Earth's land surface, and stores roughly 272 +
23 petagrams (1 Pg = 1 billion metric tons) of C, accounting for 32 % of
the total terrestrial C stocks (Pan et al., 2011). Since the start of the
Industrial Era, anthropogenic activities such as fossil fuel combustion,
cement production, and land use changes (Canadell et al., 2007) have
caused atmospheric carbon dioxide (CO3) to rise dramatically. Pres-
ently, approximately 11 Pg C of CO; are emitted to the atmosphere
annually (Friedlingstein et al., 2022) and according to some [PCC (2013)
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atmosphere with >50 % higher COy concentrations compared to pre-
industrial levels (NOAA, 2022), but increasing atmospheric CO; is also
responsible for rising global surface temperatures and associated
changes in precipitation (IPCC, 2007) that alter the land-atmosphere
vapor pressure deficit, VPD (Yuan et al., 2019), the driving force of
water loss through evaporation and transpiration (Rawson et al., 1977).
Additionally, the Progressive Nitrogen Limitation (PNL) hypothesis
(Hungate et al., 2003; Luo et al., 2004) predicts that increased CO; levels
may lead to the enrichment of plants with C relative to N (higher C/N
ratio) leading to reduced N cycling and availability to forests (Luo et al.,
2004). Numerous models predict future climate change will continue to
enhance C uptake; however, these predictions are highly uncertain
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(Hungate et al., 2003; Koca et al., 2006; Fang et al., 2014; Ehlers et al.,
2017) because they may not consider the development of resource
limitations that could gradually constrain forest growth through time
(Pretzsch et al., 2018), or changes in the C concentration of major forest
C compartments, such as wood.

Given their important role in the global C cycle, there is great interest
in evaluating how boreal forests are responding to environmental and
management changes. One monitoring tool used to assess forest growth,
C stocks, and forest response to change is the systematic collection of
stemwood cores by national forest inventories in many forested coun-
tries. Trees serve as long-term biological indicators that record the
environmental factors that limit or enhance growth in a given period of
time (Speer, 2010). So, while tree cores are often collected to measure
annual growth increment, they are also used to evaluate a variety of
other traits, including wood N content, C content, C/N ratio, as well as N
and C isotope values.

Classical dendrochronological protocols involve reconstructing time
from individual trees (hereafter referred to as the “single tree method”,
STM,; Fig. 1), which are often selected from extreme sites where stress is
greatest, in order to maximize climatic signals found in the annual
growth rings (Fritts, 1976). The STM is relevant to address certain types
of dendrochronological questions; however, it may have limitations
when used in other contexts such as assessing forest-level responses to
environmental change. For example, tree cores are increasingly being
promoted as tools to provide spatial and temporal resolution of key
wood traits related to forest C and N cycling (e.g. wood C and N content;
Evans et al., 2022). Stable isotope values can further serve as powerful
tools for understanding biogeochemical cycles by integrating element
flux processes that play out over spatial and temporal scales (Bahn et al.,
2012). Wood 8'3C values serve as an indicator for intrinsic water use
efficiency (iWUE), with values deviating positively from the atmo-
spheric signal indicating increasing water stress (Saurer et al., 2014).
Additionally, the 8'°N of plant tissues is indicative of N availability
(Poulson et al., 1995; Craine et al., 2018; Mason et al., 2022a), where
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decreasing &!°N values are considered indicative of slowing or tight-
ening of the N cycle, suggesting lower N availability to plants (McLau-
chlan et al.,, 2007; Craine et al., 2018). When chronologies are
established from single trees (STM) within forests, both the age of the
tree and the forest has changed through time. This may be problematic
because the competitive ability of trees for resources, such as N or water,
is known to change as trees age (Forrester, 2019); further, nutrient
limitation is known to intensify during forest successional time (Bond-
Lamberty et al., 2006; DeLuca et al., 2008; Gundale et al., 2011; Gundale
et al., 2012). Thus, the STM approach may introduce substantial bias
when a project goal is to infer about the average forest's response to
long-term environmental change at the landscape scale. An alternative
to the STM is to utilize national forest inventory (NFI) archival collec-
tions to create tree ring chronologies from multiple trees collected at
different points in time from trees of the same age class (i.e. a “multiple
tree method”, MTM; Fig. 1), which would allow tree age to be held
constant, and thus would eliminate biases caused by the above-
mentioned ecological processes (Martinez-Sancho et al., 2020). Yet,
while the MTM may be conceptually better, a potential drawback of the
method is that it might introduce substantial noise associated with
incorporating greater site-to-site variation, making temporal trends
more difficult to detect.

To address this knowledge gap, we investigated whether five stem-
wood traits: 5'°N, 8'3C, N content, C content, and C/N ratios have
changed over the period of 1950 to 2017 over a large land area (ca.
55,000 sq. km) in central Sweden. Further, we evaluated whether tem-
poral patterns differed depending on which dendrochronological
reconstruction method we employed, i.e. STM vs. MTM. Regarding the
MTM, we also evaluated whether patterns differed across three different
age classes of trees (Fig. 1). Our project utilized a unique tree core
archive resource collected as part of the Swedish NFI, established in
1923 (Thorell and Ostlin, 1931) and evolved to include over 30,000
permanent plots measured at 5-year intervals and 910,000 temporary
sampling plots measured since 1953, all with corresponding data
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Fig. 1. Representation of sampling for the four alternative methods: STM and MTM-Y, MTM-I, and MTM-O. * Bark, cambium and most recent growth ring were

removed from all cores for both methods.
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maintained in the NFI database (Fridman et al., 2014). The present-day
NFI tree core archive contains systematically collected and archived
wood cores from 1961 onward. We isolated and analyzed contemporary
and historical cores at the decade scale (10-year segments) from the
archive to test the following hypotheses. First, we hypothesized that
wood traits: 615N, 613C, N and C content, and C/N ratios, would change
over time. Specifically, we hypothesized that wood 5'°N and N content
would decrease with time as a result of PNL, and C content and C/N
ratios would increase in association with rising atmospheric CO2 con-
centrations. With respect to wood §'3C, we hypothesized a decrease
through time, but expected this negative slope to be less steep than the
well-known decrease in atmospheric 8'3C, which would contribute to
increasing iWUE as a response to water stress. Secondly, we hypothe-
sized that the four methods (STM and three age classes of MTM) would
differ in their representation of time, with the further expectation that
method differences would be more pronounced for N versus C traits, due
to greater mobility of N that could obscure historic signals (Nommik,
1966; Mead and Preston, 1994). To our knowledge, no previous study
has directly compared the commonly used STM to the conceptually
stronger MTM as an alternative tool for reconstruction of temporal wood
trait patterns. Testing these hypotheses will not only provide novel data
on how boreal forest properties are changing across a large temporal and
spatial scale, but will also provide new insights into the importance of
method choice for revealing these patterns.

2. Materials and methods
2.1. Study area and sample selection

The study area includes two counties, Jamtland and Vasternorrland
(range: 61-65°N, 12-19°E; 0-1796 m.a.s.l.) in central Sweden, and
spans an area of 55,687 sq. km. (Fig. 2). This region is characterized by
coniferous boreal forest covering coastal, inland, and montane envi-
ronments. We used 5.15 mm diameter tree core samples collected at
breast height (1.3 m), archived by the Swedish NFI as part of its annual
surveys. We spatially subdivided the study area by creating a 44-cell grid
system; each grid measured 50 x 50 sq. km (Fig. 2), and was either fully
or partially within county boundaries. From each 50 x 50 sq. km grid,

\,:' Vasternorrland
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Fig. 2. A map of the study area, Jamtland and Véasternorrland counties in
central Sweden. The gray squares represent 50 x 50 sq. km sampling grids. The
green lines are the approximate boundaries of the two counties.
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we selected tree cores from each of the two most abundant and
economically important tree species in Sweden: Norway spruce (Picea
abies L. Karst) and Scots pine (Pinus sylvestris L.). Cores were selected
from six archived decades, 1960s to the 2010s, which allowed us to
evaluate a date range from 1950 to 2017 (described further below). Tree
cores were randomly selected from the NFI archive database using the
following criteria: i) dominant or co-dominant trees; ii) mesic, well-
drained sites; and iii) sites with 20 % slope or less (n = 1038). We
prepared each core by removing the outer bark and cambium, as well as
the most recent annual ring to avoid including an incomplete year of
growth due to variability in the timing of core collection during the
growing season (Fig. 1). We then sectioned the target 10-year growth
segment(s) using a No.11 stainless steel surgical blade under a stereo
microscope with a 20x magnification, which had an accuracy of 0.01
mm. No false rings were observed. For the purposes of this study, we
compared four alternative collection methods: one STM and three MTMs
(Fig. 1). The STM consisted of archived tree cores that were collected
from 90 to 115 year old trees that were cored in the most recent decade
(2010s); thereby, all six representative decade segments in a given grid
location were derived from a single tree core. Alternatively, for the
MTM, a different tree core was removed from the archive to represent
each decade in each grid such that the tree age could be held constant
(Fig. 1). We employed this approach for three different tree age classes:
30-40 (young, Y), 41-60 (intermediate, I) and 61-80 (old, O) years old,
hereafter referred to as MTM-Y, MTM-I, and MTM-O, respectively. To
obtain sufficient tree cores for the STM method, we gathered cores
originally collected in 2016-2018 and for each of the MTM age classes,
we used cores that were originally collected in 2016-2018, 2006-2008,
1996-1998, 1986-1988, 1977 and 1961 (Table 1). Samples were then
categorized according to the ‘average growth year’ of the decadal
period. For example, for a core collected in 2017, analysis was done for
increment period 2006-2016, and was assigned an ‘average growth
year’ of 2011. For decades where cores were utilized from multiple
collection years (i.e., 2016-2018), the middle of those three years (i.e.,
2017) was used for classification. In order to create an identical time
series between the STM and MTMs, we removed a five-year section of
tree rings (1961-1965) from the STM to correspond with the offset in
sampling years for the 1960s (1961) and 1970s (1977; Fig. 1).

2.2. Nitrogen and carbon stable isotope analysis

Measurement of nitrogen (615N) and carbon (613C) isotope ratios,
and N and C content were analyzed at the Central Appalachians Stable
Isotope Facility (CASIF), University of Maryland Center for Environ-
mental Science (UMCES) Appalachian Laboratory (Frostburg, MD, USA)
with a Carlo Erba NC2500 elemental analyzer (CE Instruments Ltd.,
Wigan, UK) interfaced with a Thermo Finnigan Delta V+ isotope-ratio
mass spectrometer (IRMS, Waltham, MA, USA). The Carlo Erba
NC2500 Elemental Analyzer with Costech zero-blank autosampler
modifications permits for analysis of N and C isotopes in solid organic
samples with <0.5 % N such as wood (Elmore et al., 2016; R. Paulman,
personal communication, 2023). For each core, a radial slice was pre-
cisely sectioned to represent each 10-year segment. Approximately 10
and 1 mg of wood from the core segment was weighed for analysis of
515N and 8'3C, respectively. For 5'°N analysis, a Carbosorb trap was
used to remove CO; in advance of removing water vapor with MgClOg;
whereas, for §'3C analysis, an MgClO, trap was used to remove water
vapor before the transfer of sample gases to the IRMS. The §'°N and 5'3C
data were normalized to the Ambient Inhalable Reservoir (AIR) and
Vienna Pee Dee Belemnite (VPDB) scales, respectively, using a two-point
normalization curve with internal standards, including ground corn,
cocoa, and caffeine powder calibrated against international standards,
USGS40 and USGS41. Analytical precision (16) of an internal wood
standard (ground pine powder) analyzed alongside samples was 0.3 %o
for 8'°N and 0.1 %o for 5'3C; atropine powder was used for determining
N and C content values.
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Table 1
The number of samples for each method: single tree (STM) and multiple tree (MTM) by method, species (Pinus sylvestris, Picea abies), average growth year, and sampling
years.
Average growth year 1955 1971 1981 1991 2001 2011
Sampling years 1961 1977 1986 1987 1988 1996 1997 1998 2006 2007 2008 2016 2017 2018 Total (n)
Method Species
STM P. syl_vesm.s - - - - - 18 66 36 120
P. abies - - - - - 36 42 48 126
MTM-Y P. sylvestris 8 22 9 8 1 6 10 6 6 9 6 6 11 7 115
P. abies 12 20 7 2 4 3 7 5 4 4 10 8 5 7 98
MTM.I P. sylvestris 19 26 13 6 2 6 13 3 4 8 9 11 10 6 136
P. abies 18 32 9 11 7 6 12 4 6 6 8 9 11 4 143
MTM-O P. sylvestris 25 29 8 15 4 12 8 3 5 8 5 4 10 3 139
P. abies 26 32 13 12 5 13 12 5 4 10 10 6 10 3 161
Total (n) 108 161 59 54 23 46 62 26 29 45 48 98 165 114 1038

2.3. Analysis of stable nitrogen and carbon isotope ratios

The ratio of heavy to light isotopes of N samples, >N:'*N and C
samples, 13C:12C samples are expressed in standard delta (5) notation
with reference to a standard of known isotopic ratio.

15y _ _
IV = ([ R/, 1) 1000

and

1B _ _
7€ = ([ 1) % 100

where Rgnpie and Ryandara are the ratios of the heavy to light isotopes in
the sample and standard, respectively and are expressed in units of parts
per thousand or per mil (%o). The chosen standard for N and C are AIR
and VPDB, respectively.

2.4. Carbon isotope discrimination (A) and iWUE calculations

In C3 plants, carbon isotope discrimination (A) can serve as an in-
tegrated measure of iWUE (Farquhar et al., 1989) and is written as
(Farquhar et al., 1982):

13 _ I3
A:é Car —67°Cp a

(- e])

where A is carbon discrimination by the plant; §'3Cajg is the carbon
isotope value of the atmosphere (%o); and 513Cp is the carbon isotope
value of the plant material (%o). The 6'3Cajz values and the CO, con-
centration in the atmosphere, C,, for the period of 1950-2004 were
taken from McCarroll and Loader (2004); this data was then used to
derive values for the period 2005-2017 by adding the rate of change
over time taken from the linear regression of the data (0.0252 %o) per
year. The derived rate of change for 5'3Car was most consistent with the
Scripps data for the period 2004-2017 (—0.0244 %o per year) and
determined suitable for this application. C, for the period of 2005-2017
was obtained from the National Oceanic and Atmospheric Administra-
tion (NOAA) Global Monitoring Laboratory recorded at PAL: Pallas-
Sammaltunturi, GAW Station, Finland (67.9733°N, 24.1157°E; 565
masl; Lan et al., 2022), the monitoring station most similar to the study
area in terms of latitude and climate. A was calculated using the
measured 5'3Cp values from tree rings. Furthermore, A is also a function
of the intercellular and atmospheric COx:

A:aJr(bfa)X(%) 2)

a

where a is the isotopic discrimination associated with diffusion of COy
from the atmosphere into the intercellular leaf spaces via the stomata

(~4.4 %o); b is the net fractionation occurring during carboxylation
(~27 %o); and g— are the intercellular (C;) and atmospheric (C,) CO2
concentrations. Intercellular CO5 concentrations, C; are obtained based
on Egs. (1) and (2); and iWUE is calculated as follows (Ehleringer et al.,
1993):

A ;
iWUE:—:CaxKl—Q)H.G] 3)
8s C,

where ﬁ is the ratio of net photosynthetic assimilation rate, A to stomatal

conductance, g for water vapor; and 1.6 is the constant representing the
ratio of diffusivity of water vapor and COx in the air.

2.5. Statistical methods

Statistical analysis was performed using R v.4.2.2 (R Core Team,
2022). We first performed separate linear regressions for each species
(P. sylvestris and P abies) and wood trait using only the MTM data (i.e. 3
age classes) including the mean for each decade to establish baseline
historical patterns from data derived from the conceptually stronger
approach; further, we performed linear regressions examining iWUE as a
function of time on the MTM data for each species to determine if sig-
nificant change occurred. We then performed a factorial linear model for
each trait and tree species (P. sylvestris and P. abies) with time, method,
and their interaction serving as fixed factors using Type III sum of
squares, ANOVA (package ‘tidyverse’). Further, we performed separate
follow-up two-way ANOVAs with post-hoc pairwise comparisons (p =
0.05) to identify differences in regression slopes between the four
methods for each species and trait (package ‘emmeans’). And lastly, we
calculated the root mean squared error, RMSE (package ‘rmse’) of the
different methods for each of the five traits to compare prediction errors.

3. Results
3.1. Mean temporal response of wood traits

The MTM data showed a significant main effect of time for both
P. sylvestris and P. abies for all five wood traits measured (Table 2, Fig. 3).
Both 8!°N and 8'3C showed a significant decrease over time for both
species, and a 95 % confidence interval of our 5!3C slope indicates that
the decline was equal to or slightly steeper than the rate of atmospheric
513C decline (approximately 0.025 %o per year) for P. sylvestris (—0.025
to —0.033 %o) and P. abies (—0.028 to —0.037 %o). There was a signifi-
cant increase in N content, while C content and C/N ratio showed a
significant decrease over time for each of the species. Additionally,
iWUE showed a significant increase over time for both P. sylvestris and
P. abies (Fig. 4).
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Table 2

Tests of between-subjects effects for traits: 5'°N, N content, C content, C/N ratio, and, 5'C for Pinus sylvestris and Picea abies.
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Variable 35N (%0) N (%) C (%) C/N ratio 3"3C (%0)

Source Species df F p F p F P F P F P
Time P. sylvestris 1 123.435 <0.001 50.955 <0.001 81.701 <0.001 86.289 <0.001 239.293 <0.001

P. abies 1 50.939 <0.001 33.742 <0.001 85.629 <0.001 73.049 <0.001 208.579 <0.001
Method P. sylyestris 3 5.467 0.0011 1.827 0.1413 1.079 0.3576 0.796 0.4968 2.049 0.1061

P. abies 3 3.323 0.0196 4.527 0.0038 7.399 <0.001 3.788 0.0104 0.240 0.8683
Time: method P. sylvestris 3 5.293 0.0013 1.802 0.1458 1.0689 0.3620 0.783 0.5040 2.069 0.1034

P. abies 3 3.251 0.0216 4.4123 0.0045 7.305 <0.001 0.368 0.01215 0.244 0.8658

P. sylvestris residual df = 502; P. abies residual df = 520. 8'°N (%): P. sylvestris: R* = 0.2736; adjusted R*> = 0.2635; P. abies: R? = 0.1247; adjusted R> = 0.1129. N
content (%): P. sylvestris: R> = 0.1164; adjusted R> = 0.104; P. abies: R? = 0.1346; adjusted R> = 0.123. C content (%): P. sylvestris: R> = 0.1458; adjusted R> = 0.1339; P.
abies: R? = 0.1876; adjusted R? = 0.1767. C/N ratio: P. sylvestris: R> = 0.1636; adjusted R? = 0.1519; P. abies: R*> = 0.1953; adjusted R? = 0.1844. §'3C (%): P. sylvestris:
R? = 0.3364; adjusted R?> = 0.3271; P. abies: R?> = 0.296; adjusted R? = 0.2866. F and p values in bold show significant differences at p < 0.05.

3.2. Comparison of sampling methods

For P. abies, four of five traits (615N, N and C content and C/N ratio)
responded signficantly to the interaction between time and method,
while §'3C was unresponsive to a method by time interaction (Fig. 5).
For the variable 615N, this interaction occured because the STM had a
signficantly shallower slope than all three MTMs. For N content, the STM
exhibited a steeper slope, with values of the first decade starting at a
lower value than for the MTMs (see STM, Fig. 5). For C content, the slope
of STM was shallower than MTM-Y, MTM-I and MTM-O, which all
exhibited a strongly significant decline through time. Regarding the C/N
ratio, the STM exhibited a steeper slope and higher starting value during
the first decade than all three MTMs.

For P. sylvestris, 5!°N responded significantly to the interaction be-
tween time and method between all four methods; whereas, 5!°C, N and
C content, or C/N ratio were not affected by method (Fig. 6). For the
variable §'°N, this interaction occured because the STM method had a
signficantly shallower slope and a much lower starting value compared
to all three MTMs.

4. Discussion and conclusions

Our aim was to provide novel data on how wood traits in boreal
forests are changing through time, and to evaluate the traditional
dendrochronological STM approach against a conceptually stronger
MTM approach. We found that all wood traits we measured, 5'°N, N and
C content, C/N ratio, and 5'3C have changed over time (1950-2017) for
both P. sylvestris and P. abies (Fig. 3), and that these patterns sometimes
differed between methods (Figs. 5, 6).

4.1. Mean temporal response of wood traits

In support of our first hypothesis, we found a significant decline in
wood 8'°N for both P. sylvestris and P. abies (p < 0.01; p < 0.01,
respectively) over the period of 1950-2017. Several previous studies
have provided evidence that wood (Poulson et al., 1995; McLauchlan
et al., 2007; McLauchlan and Craine, 2012) or foliar (Craine et al., 2009;
Craine et al., 2018) 8N values are declining with time; however, it is
notable that the magnitude change we observed using the MTM (ca. 4 %o
decline over 70 years) is much steeper than previously reported (e.g.,
Kranabetter et al., 2013; McLauchlan et al., 2017; Oulehle et al., 2022).
Several mechanisms have been proposed to explain these temporal de-
clines in 8'°N. First, isotopic signature of §'°N of soil and plants are
considered to be sensitive to N cycling and availability in forests
(Poulson et al., 1995; Hogberg, 1997; Craine et al., 2009). Specifically,
ecosystems with low mineralization rates have lower N loss rates, e.g.
via nitrification, denitrification, and leaching which lead to greater loss
of 1*N relative to '°N, and are thus associated with lower 8'°N values.
Reductions in the 5'°N signature through time have been interpreted as
evidence of the Progressive Nitrogen Limitation (PNL) hypothesis,
which results from elevated CO, and subsequent ecosystem N limitation

(Luo et al., 2004; Mason et al., 2022a). Thus, a tightening of N cycling
and reduction in N losses in response to elevated COy (i.e. PNL hy-
pothesis) may explain the decline in §'°N signatures we observed
through time. In addition to PNL, another non-mutually exclusive
mechanism that could explain the observed decline in wood 5'°N values
is greater reliance of trees on mycorrhizal fungi for acquiring N in
response to elevated CO, (Nasholm et al., 2013; Franklin et al., 2014;
Hasselquist et al., 2016). Mycorrhizal fungi are known to retain the
heavier '°N atom and pass the depleted N onto the plant (Hobbie and
Hogberg, 2012) resulting in lower §'°N values in plant tissues. Finally, a
counter-argument to the PNL explanation for declining 5'°N values is
that the total amount and 5'°N signature of anthropogenic N deposition
has declined for approximately three to four decades (Olff et al., 2022).
However, we note that the decline in 8'°N we observed in our wood data
started at least one decade prior to peak atmospheric N deposition rates
in Sweden, which occurred in the early 1980s (Lajtha and Jones, 2013;
Ferm et al., 2019). We also note that atmospheric N deposition rates in
our study area are relatively low (<4 kg N ha™! yr™!), and experimental
work in northern Sweden has shown that long-term anthropogenic N
inputs at this rate do not alleviate N limitation (Gundale et al., 2014).
Finally, nutrient discharge data from Swedish streams has shown long-
term declines in inorganic N, including areas far north of our study
area, where atmospheric N deposition rates are <1 kg ha™! yr™! (Lucas
et al., 2016), indicating that terrestrial N limitation is increasing, inde-
pendent of temporal trends in N deposition. While changes in atmo-
spheric N deposition may be partly responsible for the declining wood
515N signatures we observe, these studies suggest other change factors,
such as increasing atmospheric COq, are likely key drivers of this pattern
(Mason et al., 2022a, 2022b).

Contrary to expectations, our data did not show a significant
decrease in N content with time for either species, but rather, we
observed a significant increase. One potential explanation for this
pattern is that rising atmospheric COy has stimulated trees to invest
more energy into N uptake via mycorrhizae, which could potentially
result in both higher wood N and lower 5'°N values. However, several
previous studies on stemwood N concentrations have concluded that
wood N content may not serve as a useful indicator of ecosystem N
availability, but rather is more responsive to internal physiological
drivers versus environmental conditions (Poulson et al., 1995; Doucet
et al., 2011). Because N accounts for such a small fraction of wood mass
(i.e., 0.03-0.10 % N; Cowling and Merrill, 1966), wood N content may
inversely respond to changes in other constituents of wood. In fact,
several studies have shown that wood N content is unresponsive to
fertilizer addition, whereas 3'°N values are highly responsive (Schleppi
et al., 1999; Hart and Classen, 2003; Balster et al., 2009). Furthermore,
Gerhart and McLauchlan (2014) highlighted that wood 5°N and N
concentration are not consistently correlated across studies, and
concluded that §!°N is a more sensitive measure of temporal changes in
N availability.

In addition to N content, an additional unexpected pattern we
observed was that wood C content decreased over time, rather than
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Fig. 3. The composite temporal response of five wood traits, 55N, N content, C content, C/N ratio, and §'>C for species Pinus sylvestris (left-hand panels) and Picea
abies (right-hand panels) for the three MTMs (young, intermediate and old). Means per decade for each trait and species are indicated by the black symbols. Note: The
R ggplot jitter function was applied for N content (P. abies) to horizontally offset overlapping data points.
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Fig. 4. The composite temporal response of iWUE for Pinus sylvestris and Picea abies for the three MTMs (young, intermediate and old).

increased, which partially explained the decline in the C/N ratio. The
reduction in wood C content, which accounts for nearly 50 % of the mass
of wood, may also partially explain the observed increase in N, given
that a ca. 7 % change in the most abundant wood element (i.e., C) would
cause other elements to become more concentrated. However, the
percent increase in N contents we observed were greater than the
decrease in wood C contents, at least for P. sylvestris. Hence, other factors
may also be important for explaining increases in wood N content, such
as changes in wood oxygen (O) content. One possible explanation for the
decline in wood C content could be a shift towards a higher proportion of
latewood versus earlywood in our samples; the former having a lower C
content than the latter (Lamlom and Savidge, 2003). In support of this
mechanism, several studies have shown that climate change has corre-
sponded with an increase total production of latewood (Arzac et al.,
2019), as well as earlier seasonal transition from earlywood to latewood
production (Butto et al., 2021).

Another concurrent change that could potentially explain a decrease
in wood C is a reduction in lignin and an increase in cellulose content,
which differ in their percent C (ca. 40-45 % and 26-34, respectively;
Zobel and van Buijtenen, 1989; Lamlom and Savidge, 2003; Rowell
et al., 2012). Finally, N fertilization studies have shown that higher C
content in earlywood production (van Buijtenen, 2004) increases in
response to N; thus, the long-term reduction in N availability (i.e., PNL)
may contribute to a greater portion of lower C content of latewood
versus earlywood. Future analysis of the earlywood and latewood
transition on individual annual rings, as well as analysis of lignin/cel-
lulose ratio could provide additional clarity on the mechanisms driving
the changes in wood N, C, and C/N ratio we observed.

Our data also showed that '3C values have declined over time for
both species, (P. sylvestris: p < 0.01; P. abies: p < 0.01); however, this rate
of change is consistent with declining 5'3C values observed in atmo-
spheric CO, worldwide (Mook, 1983; Keeling et al., 1984). Inconsistent
with our hypothesis, the rate of change we observed was not signifi-
cantly less steep than the average decline over time in the §'3C of at-
mospheric COy, (approximately 0.025 %o per year) as a result of the
addition of & '3C-depleted fossil fuel-derived CO, inputs to the atmo-
sphere (Suppl. Table 1; McCarroll and Loader, 2004; Belmecheri and
Lavergne, 2020). Calculations of iWUE are based on atmospheric and
plant 5'3C values, as well as atmospheric CO, concentration (Adams
et al., 2020; Mathias and Thomas, 2021), which indicate an increase in
iWUE through time in our study area (Fig. 4). This increase in iWUE was
entirely driven by the change in the atmospheric CO; concentration that
has occurred over our analysis period, rather than a change in §!3C
fractionation processes during photosynthesis. This suggests that while
forests may use water more efficiently per unit of CO3 acquired, this does
not appear to part of a tree stress response (Saurer et al., 2014), as has
been observed in some studies of northern temperate forests of North

America and Europe (Keenan et al., 2013). Our hypothesis of increased
water stress is based on predictions that despite increases in annual
precipitation for the period of 1950-2018 (SMHI, 2022), a shift towards
less frequent and more intense summer precipitation events are occur-
ring. This may eventually lead to increased run-off and less water
retained by forests (IPCC, 2013; Lucas et al., 2016) which could
potentially constrain growth and limit C storage. Likewise, climate
warming is gradually increasing the land-atmosphere vapor pressure
deficit, VPD, which is the driving force of water loss through evapora-
tion and transpiration (Yuan et al., 2019). Increases in VPD have been
shown to decrease photosynthetic rates (Fletcher et al., 2007); however,
while increasing VPD is emerging as a trend in forests globally (Yuan
et al.,, 2019), our data suggest increasing VPD has not yet crossed a
threshold that is clearly impacting the photosynthetic fractionation
processes of trees in our study area. In fact, the relative change in total
volume growth for our study area (Vasternorrland and Jamtland
counties) was +3 and +21 %, respectively, between 2005 and 2012;
whereas between 2012 and 2016 total volume growth changed by 0 %.
This may indicate that volume growth is slowing, potentially due to PNL,
but that growth has not yet turned negative as a result of severe drought.
In contrast, drought events have been relatively more severe in southern
Swedish counties during this period, and annual growth decreased by an
average of —8 % during the 2012-2016 period (range —15 to +2 %
among the counties in the region; Fridman et al., 2022).

4.2. Difference in methodological sampling approaches

Our analysis indicated that temporal patterns of several traits we
measured were sensitive to method choice (i.e. MTM-Y, MTM-I, and
MTM-O and STM). We found that §!°N was far more impacted by
method choice, whereas 5'>C data was not responsive to method choice,
which is consistent with our hypothesis. The lack of 5!3C response to
method is likely due to the non-mobile nature of C once fixed into long-
term tissues and compounds, making contamination from contemporary
C (e.g. sugars) very minor compared to the pool of C fixed into these
long-term pools (Higuchi, 1997). Regarding §'°N, temporal trends never
differed between the three different MTMs, whereas the STM almost
always differed from the MTMs for both P. sylvestris and P. abies. We
found that all four methods converged on a similar final 5'°N value
(approx. —4 %o) in the most recent decade (2010s), while the starting
values for the earliest decade (1950s) for the STM and MTMs were much
different, —3 %o and O %o, respectively. Nitrogen demonstrates high
mobility among tree rings of different ages including remobilization of N
to active growth regions as well as translocation within stems into older
tree rings via ray parenchyma cells (Nommik, 1966; Mead and Preston,
1994; Schleppi et al., 1999; Tomlinson et al., 2014), thus, the most
parsimonious explanation for the relative flatness of the STM slopes is



K.R. Bassett et al.

8N (%o)
L ]

-5

0.09

N (%)

0.06

0.03

0.00

60

55

50

C (%)

45

40

1600

1200

800

C/N ratio

400

8'3C (%o)

Science of the Total Environment 900 (2023) 165795

MTM-Y MTM-I MTM-O
y =81-0.042x 10 y = 84-0.043x 10 y =67 - 0.035x
R?=0.163 R2=0.133 R?=0.083
p <0.001 p<0.001 p<0.001
a 5 A a 5
0
-5
-10 -10
=-0.12 + 0.0009x 0.15 y =-0.14 +0.0001x 0.15 =-0.35 - 0.0002x
R?=0.017 R?=0.013 R?=0.061
p=0.206 p=0.181 p=0.002
/a AN a 0.12 A A ab
A N A A 009 A A A AA A
A N A A A A A A A A AN AA A
A KK A ©A—A—I DK A N _BAAK DB A
A A A 0.06{ A A A 006 A A A A A A
A A A A A A A
A A A N
0.03 0.03
0.00 0.00
y = 145 -0.049x 60 y = 149-0.051x 60 y = 139 - 0.046x
R?=0.248 R?=0.223 R2=0.17
p <0.001 p<0.001 p<0.001
& 55 a 55 a
N A A
50 50
45 45
40 40
y=4082-1.7x 1600 y=5127-2.2x 1600 y =7015-3.2x
R?=0.056 R?=0.063 R2=0.116
p=0.019 p=0.003 N p<0.001
A a 1200 AR 2 12001
o A = A
A A
2 A 2 A
,i\‘ n
\ 800 A 800
B
a 400 A o 400
0 0
y=39-0.033x -20 y=34-0.03x G y=39-0.033x
R?=0.31 R?=0.267 2= 0273
p <0.001 -22 p<0.001 . p<0.001
a a
24 N 24
-26 -26
-28 -28
-30 -30

NI
FF S S

N IS
QAR

S OO ® NSO
REQC AR AN

STM
10 y = 15 - 0.009x
R?=0.012
p=0.251
5 b
0
-5
-10
0.15 y = -0.82 + 0.0004x
R?=0.26
p <0.001
0.12 b
0.09
0.06
0.03
0.00
60 y = 57 - 0.0053x
R® = 0.004
p=0472
55 b
50
45
40
1600 y = 10349 - 4.8x
R?=0.357
p <0.001
1200
800
400
0
w0 y = 44 - 0.035x
R?=0.322
e p <0.001
24 @
-26
-28
-30
S OO DO
A AR

Fig. 5. Linear regression for five wood traits by method: 8'°N, N content, C content, C/N ratio, and 5'°C over six decades for Picea abies with pairwise comparisons of
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that the oldest segments (1950s) are contaminated by contemporarily-
acquired N transported in the xylem water (Peuke, 2010) at the time
of sampling. Thus, the STM appears to be an inherently limited and
insensitive approach to evaluate temporal changes in 5'°N, because of
the greater opportunity for contemporary physiological and ecological
processes to obscure historical signals.

In addition to 5'°N, we observed significant differences in temporal
patterns among the methods for N, C and C/N ratio, but only for P. abies.
Interestingly, temporal responses for these three traits exhibited much
shallower slopes for MTM than the STM, which contrasts the response
described above for §'°N, where responses were stronger for the MTM.
This may suggest that P. abies wood undergoes stronger changes in wood
anatomy or chemistry during aging compared to P. sylvestris. Wood C
and N content, and C/N ratios can have important implications for
ecosystem properties and process, such as estimation of forest C stocks,
or as predictors of wood decomposition rates. In regards to forest C,
stock estimates often assume a wood C content of 50 % (Doraisami et al.,
2022). It is notable that our data suggests a substantially lower and
decreasing C content with time, at least for the outer sapwood, which
was the focus of our study. While both STM and MTM methods found
similar temporal patterns, our comparison of methods suggests that
reliance on the classical STM approach would likely exaggerate tem-
poral change in these traits.

While conceptually the MTM is a better approach to evaluate
changes in wood traits because it removes the potential influence of tree
aging or forest succession on growth and nutrient acquisition, we also
considered the potential drawback that using the MTM might have by
introducing excessive noise that could make temporal trends difficult to
observe. However, our results of the root mean squared error (RMSE) do
not show a consistent increase in noise associated with the MTMs across
the traits for the two species (Suppl. Table 1). This indicates that there
appears to be no major downside for using the MTM approach.

Over 100 countries across Europe, Asia, Africa, and the Americas,
accounting for a large amount of the Earth's forested landscape (Suppl.
Fig. 1), actively conduct, have capacity in place, or are receiving tech-
nical support to develop national forest inventories (Schelhaas et al.,
2006; Magnussen et al., 2007; Tomppo et al., 2010; Romijn et al., 2015;
UNFAO, n.d.). Clearly, this illustrates the tremendous potential that tree
core archiving could provide if incorporated into NFI protocols. Tree
cores provide critical benefits to NFIs by providing an unbiased sample,
representative of climate and other environmental conditions, which
offers insight into the effect of climate on tree growth; and by design,
NFIs are well-suited for upscaling, which allows for better and more
accurate C accounting (Evans et al., 2022). Wood traits are a tremendous
tool for understanding response to climate, and our results show that
methodology is clearly important for reconstructing 5'°N, which may
account for why other studies have found very subtle (Kranabetter et al.,
2013; McLauchlan et al., 2017; Oulehle et al., 2022) or no temporal
patterns (Tomlinson et al., 2014). Our results show for the first time that
the MTM provides a more sensitive window into environmental change
for certain biogeochemical cycles that exhibit high intra-wood mobility,
i.e. nitrogen, and that systematic archiving of wood cores within already
existing NFIs has great potential to provide a long-term record of forest
responses to changes in our Earth system.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.165795.
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