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•  Background and Aims  The structure of heterogeneous forests has consequences for their biophysical 
environment. Variations in the local climate significantly affect tree physiological processes. We hypothesize 
that forest structure also alters tree root elongation and longevity through temporal and spatial variations in soil 
temperature and water potential.
•  Methods  We installed rhizotrons in paired vegetation communities of closed forest (tree islands) and open 
patches (canopy gaps), along a soil temperature gradient (elevations of 1400, 1700 and 2000 m) in a heterogeneous 
mixed forest. We measured the number of growing tree roots, elongation and mortality every month over 4 years.
•  Key Results  The results showed that the mean daily root elongation rate (RER) was not correlated with soil 
water potential but was significantly and positively correlated with soil temperature between 0 and 8 °C only. The 
RER peaked in spring, and a smaller peak was usually observed in the autumn. Root longevity was dependent on 
altitude and the season in which roots were initiated, and root diameter was a significant factor explaining much 
of the variability observed. The finest roots usually grew faster and had a higher risk of mortality in gaps than in 
closed forest. At 2000 m, the finest roots had a higher risk of mortality compared with the lower altitudes.
•  Conclusions  The RER was largely driven by soil temperature and was lower in cold soils. At the treeline, 
ephemeral fine roots were more numerous, probably in order to compensate for the shorter growing season. 
Differences in soil climate and root dynamics between gaps and closed forest were marked at 1400 and 1700 m, 
but not at 2000 m, where canopy cover was more sparse. Therefore, heterogeneous forest structure and situation 
play a significant role in determining root demography in temperate, montane forests, mostly through impacts on 
soil temperature.
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INTRODUCTION

Tree fine root growth and mortality are studied increasingly 
with regard to carbon cycling and sequestration (Norby and 
Jackson, 2000; Phillips et  al., 2012; Brunner et  al., 2013). 
Studies are usually limited to individual species’ responses to 
various environmental conditions. Below-ground plant commu-
nity responses to resource supply or constraints are rarely stud-
ied but are providing important clues as to how communities 
respond to changes in land use and climate (Prieto et al., 2015, 
2016). Heterogeneous forest ecosystems should be investigated 
in a similar holistic manner in order to predict and model forest 
responses to climate variability (Kitajima et al., 2010; Kubisch 
et  al., 2017). The structure of a forest community will also 
affect local climatic conditions, especially with regard to open 
and closed canopies that alter the biophysical environment both 
above- and below-ground. Examining the dynamics of tree root 
growth and mortality within a context of temporal and spatial 
variations in the biophysical environment is a major step to 
understanding how forest communities respond to changes in 
below-ground climatic conditions.

Responses of root elongation and longevity to climatic vari-
ations have usually been studied at the species level (Barlow 
and Rathfelder, 1985), or artificially in growth chambers (Lahti 
et  al., 2005; Alvarez-Uria and Körner, 2007), which do not 
reflect the true conditions found in natural or mixed forests 
(Kubisch et al., 2017). Tree roots in heterogeneous temperate 
forest ecosystems can initiate and elongate during the winter, 
even when mean daily air temperatures are below freezing, as 
long as the soil temperature does not drop below 0  °C (Mao 
et al., 2013a; Radville et al., 2016). Optimal soil temperatures 
for conifer root growth vary from 6 to 15 °C [Picea abies (L.) 
Karst] and from 10 to 20 °C (Abies sp.) (Lopushinsky and Ma, 
1990; Lyr, 1996; Alvarez-Uria and Körner, 2007; Nagelmüller 
et al., 2016), but periods of low or zero activity occur through-
out the year (Mao et al., 2013a; Wang et al., 2018). However, 
few studies have characterized and quantified root active and 
dormant periods in the field, partially because of the relatively 
short duration of experimental studies on root growth and the 
assumption that root dormancy is synchronous with that of 
shoot dormancy (Eissenstat et  al., 2005; Graefe et  al., 2008; 
Abramoff and Finzi, 2015; Radville et al., 2016).
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If root activity and elongation are influenced by seasonal 
changes in soil temperature, it is likely that root longevity is also 
affected. Kitajima et al. (2010) found that in a mixed Californian 
forest, tree root turnover rate was higher in thinner roots and in 
warmer and wetter soils. However, Kubisch et al. (2017) showed 
that in Pinus cembra growing at the treeline, higher fine root 
turnover occurred in colder areas compared with that in warmer 
soil. Longevity is also linked to the time of root initiation during 
the year (Geng et al., 2014). Therefore, spatial or temporal vari-
ations in soil temperature or moisture content linked to season or 
the forest structure should alter root demography.

The structure of a heterogeneous forest affects its biophysical 
and climatic environment largely through the patchy nature of 
the canopy (Kubisch et al., 2017). Naturally formed gaps in the 
canopy (Whitmore 1989) result in greater solar radiation and 
temperature at the forest floor, compared with adjacent closed 
canopy plots (Heithecker and Halpern, 2007; Scharenbroch 
and Bockheim, 2007; Yang et al., 2017). Soil moisture content 
is higher because the water demand of the herbaceous/shrubby 
vegetation present is lower than under trees and because trees 
intercept large amounts of rainfall which does not reach the forest 
floor. This heterogeneity affects understorey composition (Ares 
et  al., 2010) and below-ground microbial communities (Siira-
Pietikäinen et al., 2001; Griffiths et al., 2010). Gaps usually pos-
sess less fine tree root biomass than nearby clusters of trees (tree 
islands) in tropical (Denslow et  al., 1998; Sanford, 1990) and 
temperate (Wilczynski and Pickett, 1993; Bauhus and Bartsch, 
1996; Müller and Wagner, 2003) forests. This decreased level of 
fine root biomass may be because the roots of neighbouring trees 
do not grow into the gap (depending on the gap size; Bauhus and 
Bartsch, 1996), or because a faster turnover of roots occurs in the 
warmer, wetter soil (McCormack and Guo, 2014). However, to 
our knowledge, long-term studies on fine root demography with 
regard to differences between gaps and closed canopy plots have 
not been carried out in temperate forests.

We installed rhizotrons in paired vegetation communities 
of closed forest (tree islands) and open patches (canopy gaps) 
along a soil temperature gradient (elevations of 1400, 1700 and 
2000 m) in a temperate, heterogeneous mixed coniferous for-
est. Rooting depth in these types of forests is usually limited to 
the upper metre of soil (Schenk and Jackson, 2002). We exam-
ined root initiation, elongation and survival over a 4 year period. 
Forests were heterogeneous in terms of species, tree age and the 
spatial distribution of vegetation; therefore, tree root demography 
was representative of the tree community, not individual species. 
We expected that: (1) tree root elongation and longevity would 
be influenced by soil temperature and moisture content; and (2) 
tree root elongation rates would be greater and turnover faster in 
gaps because during the height of the growing season, soils are 
warmer and wetter than in tree islands. This disparity between 
gaps and tree islands should be reflected along the soil tempera-
ture gradient and in each type of forest community.

MATERIALS AND METHODS

Study sites

Our study was conducted in sites located at three altitudes (1400, 
1700 and 2000 m, close to the treeline; Supplementary Data 

Fig. S1) near Chamrousse, Isère, France (45°07'N, 5°52'E). 
This area comprised mixed, naturally regenerated forests which 
were on south-west-facing slopes. All forests were uneven aged, 
and tree age varied from 20 to 120 years old (Mao et al., 2015; 
Wang et al., 2018). Sites comprised three mixed, mature, nat-
urally regenerated forests of Norway spruce [Picea abies (L.) 
Karst.], Silver fir (Abies alba Mill.), European beech (Fagus 
sylvatica L.) and Mountain pine (Pinus uncinata Ramond ex 
DC.) growing at altitudes of 1400 m (Prémol forest), 1700 m 
(Bachat-Bouloud forest) and 2000 m (near Achard Lake, at the 
treeline). Species composition shifted from 1400 to 2000 m: 
F.  sylvatica, the most dominant broadleaf species at 1400 m, 
disappeared completely at 1700 m.  Abies alba, P.  abies and 
P. uncinata were the most dominant species at 1400, 1700 and 
2000 m, respectively. Picea abies was the only species present 
at all altitudes. Abies alba was absent at 2000 m, and P. unci-
nata was absent at 1400 m and sparsely distributed at 1700 m 
(Mao et al., 2015). Tree stand basal area (SBA) and tree height 
decreased significantly with increasing elevation. The average 
maximum rooting depth of soil at the sites situated at 1400 and 
1700 m attained approx. 1.0 m, but bedrock was found at 0.5 
m at the site located at 2000 m. Further information about sites 
can be found in Supplementary Data Table S1.

We defined two types of dominant vegetation structure at each 
site. By investigating contrasting vegetation structure, a wide 
range of microclimate variables and functional groups were 
included in our analysis (Supplementary Data Table S1). At all 
three sites, closed canopy forest occurs naturally in clusters, 
known as tree islands (Mao et al., 2012; Fig. 1). Tree islands 
are defined as small patches of woody vegetation embedded in 
a landscape of a contrasting vegetation type (Tomlinson, 1980). 
Between the tree islands are patches, or gaps, which refer to 
zones with an open canopy formed through tree mortality after, 
for example, a storm or tree felling. These zones are often 
between 20 and 100 m2. Fine tree roots can grow into the gaps, 
depending on the size and position of structural woody roots 
on which they are borne (Mao et al., 2013a). Due to the open 
canopy and increased solar radiation, herbaceous and shrubby 
understorey vegetation dominate in these patches (Mao et al., 
2012; Supplementary Data Table S1).

Climatic data and soil description

Mean monthly solar radiation was 200 MJ m−2 in the winter 
and 800 MJ m−2 in the summer (Mao et al., 2015). Global pre-
cipitation data for the three sites together were obtained from 
the Réseau d’Observations Météo du Massif Alpin (ROMMA), 
station Chamrousse, (45°06 28''N, 05°52’28''E, 1800 m a.s.l.). 
The soil temperature within each rhizotron was recorded 
monthly in different soil layers (0.1, 0.4 and 0.9 m at 1400 and 
1700 m, and 0.1 and 0.4 m at 2000 m) using a manual therm-
ometer (HANNA HI 93510, Hanna Instruments, Inc., USA) 
from March 2010 to November 2013. Air temperatures were 
monitored every 30 min using Hobo® logging sensors (HOBO 
Pendant® Event Data Logger UA-003-64, Onset, USA) at a 
height of 1.5 m above each rhizotron; readings were missing 
during several periods at the end of the experiment (0.2 % of 
data were missing at 1700 m and 39 % of data were missing 
at 2000 m) when certain sensors malfunctioned. In order to 
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predict the missing climate data, we performed correlations 
between the mean daily air temperatures measured by our 
Hobo® logging sensors and the data from the ROMMA station 
at 1800 m, which was situated on the same hillside and close 
to our study site at 1700 m (Supplementary Data Table S2;  
Mao et  al., 2013b). Soil water potential (ѱ) was measured 
using electrical resistance blocks (WaterMark, IRROMETER 
Company, Inc., USA) installed in one gap and one tree island 
at 1400 and 1700 m (equipment was frequently stolen at 2000 
m so we were unable to monitor this site continuously). Six 
sensors were installed every 10 cm along a soil profile rang-
ing from 10 to 70 cm in both gaps and islands. Mean values 
of ѱ were calculated for depths of 0–30 and 30–70 cm. Data 
were logged every 30 min from July 2012 to November 2013  
(Kim et al., 2017).

A full description of soil type can be found in Mao et  al. 
(2015). To measure soil organic carbon (SOC) and total nitro-
gen (N), samples (n  =  3 at each sampling point) were taken 
from tree islands and gaps at depths of 5, 20 and 40 cm at all 
sites, and also at depths of 70 cm at elevations of 1400 and 1700 
m. Soil was finely ground in a ball mill, and SOC and total N 
were measured by dry combustion using an elemental analyser 
(Thermo-Finnigan EA1112, Milan, Italy). The mean value of 
each set of three samples was calculated and used for subse-
quent statistical analysis.

Installation of rhizotrons

Tree root dynamics were measured using vertical rhi-
zotrons (Bohm, 1979; Huck and Taylor, 1982; Mao et  al., 
2013a, b; Wang et al., 2018). In 2009, two plots of 25 × 25 
m (except for one plot at 1400 m which was 25 × 30 m) were 
set up at each study site (Supplementary Data Fig. S1). Plots 
were located on the same topographical unit at a distance of 
approx. 100 m.  Within each plot at 1400 and 1700 m, two 
trenches of 1.0 m (length) × 0.6 m (width) × 1.0 m (depth) 
were dug. At 2000 m, the soil was shallower, and the depth of 
the trench was only 0.5 m and width was 0.5 m. One trench 
was dug in a tree island and the other in a gap between trees; 
therefore, n = 4 rhizotrons per altitude (Supplementary Data 
Fig. S1). As the soil was removed during the digging of the 
trench, it was kept aside and then sieved through a 5  mm 
size sieve, before air drying for 6  h. Before installing the 
Plexiglas® pane, roots crossing the soil profile were cut with 
secateurs. Inside each trench, a 0.005 m thick Plexiglas® pane 
was placed against the uphill face of the trench at an angle 
of 15 ° (sloping from top to bottom) with regard to the verti-
cal. This angle would permit roots to grow downwards due to 
positive geotropism (Huck and Taylor, 1982). The sieved and 
air-dried soil from the same trench was then gently poured 
into the space (approx. 0.05 m) and slowly compacted using 
a wooden plank. To protect roots from light and variations 
in temperature, each Plexiglas® pane was covered with foil-
backed felt insulation and black plastic sheeting. Trenches 
were then covered with wooden boards and corrugated iron, 
to prevent direct rainfall onto rhizotrons and to avoid dam-
age from passing animals. During the winter months, we 
removed and replaced snow (to its original thickness) before 
and after measurements. The entire installation took place in 
May 2009 at 1400 m, in July 2009 at 1700 m and in July 2010 
in 2000 m. One rhizotron at a tree island of 1400 m and one 
at a gap of 2000 m was overhauled in 2012 July due to the 
appearance of an air gap between the Plexiglas® face and soil 
surface. More details on rhizotron installation are available in 
Mao et al. (2013b) and Mohamed et al. (2017).

Measurements of root dynamics

Root elongation was traced onto a transparent sheet which 
was placed over the Plexiglas® pane. We used permanent colour 
pens, and changed the colour every month (for the method, see 
Mohamed et al., 2017); the date of the observation was noted. 
Root diameter was highly variable (Supplementary Data Fig. 
S2a); therefore, we classified roots into the following catego-
ries: 2–5, 1–2 and 0–1  mm (Mao et  al., 2013a). We did not 
classify roots into topological order, because it is not easy to 
determine root order in rhizotrons, as part of the root is often 
hidden in the soil (Supplementary Data Fig. S2b). We measured 
tree root growth only. It was possible to distinguish tree roots 
from herbaceous roots by their colour and thickness, although 
it was not possible to distinguish between different tree species, 
apart from roots of F.  sylvatica, that are light in colour, and 
were not found in rhizotrons. To quantify root dynamics, the 
plastic sheets with root tracings were digitized in the labora-
tory using a 0.61  ×  0.91 m Summagrid V digitizer (GTCO 

Fig. 1.  Tree islands (closed forest) and gaps in a montane forest in the French 
Alps (1400 m). The green circle shows a typical tree island, comprising one or 
two dominant trees and smaller trees of the same species. The blue circle shows 

a gap situated between tree islands.
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Calcomp, Inc., Columbia, MD, USA) which was operated by 
the RhizoDigit© software (CIRAD, Montpellier, France). This 
software permits the acquisition of spatial co-ordinates and the 
length of each segment of growth, as well as the date on which 
it was measured (more details are shown in Mao et al., 2013a, 
b). We classed soil into shallow (0–0.3 m) and deep soil (>0.3 
m) using root density distribution (Schenk and Jackson, 2002; 
Mao et al., 2012). Rhizotron angle was taken into account when 
determining the soil depth to which a root belonged. The root 
elongation rate (RER) was calculated for different coloured 
segments; therefore, one root possessed several RER values 
belonging to different growth periods. To avoid errors due to 
human visual judgement, only root segments that elongated 
>1.0 mm between two observation dates were measured. The 
occurrence of growing segments (number of growing roots) 
per day and mean RER were calculated within each layer of 
soil, and also over the whole rhizotron. Between the period 
September 2009 and November 2013, a total of 8990 roots 
emerged from the 12 rhizotrons.

We measured the RER and mortality 1 year after roots had 
first emerged, i.e. July 2010 at 1400 m, January 2011 at 1700 m 
and January 2012 at 2000 m, because the initial flush of roots 
caused by rhizotron installation results in an overestimation of 
root activity (Majdi, 1996; Joslin and Wolfe, 1998; Strand et al., 
2008). Therefore, only 5905 roots out of the 8990 that had initi-
ated in the 4 years after rhizotron installation were analysed.

Monthly based root growing degree days

We used growing degree days (GDDs) to estimate if relative 
root growth was similar at each field site. GDDs are defined as 
the sum of the average temperature in one plot minus a base 
temperature, where the base temperature equals a threshold that 
supports adequate plant growth, over a specified period of time 
(Zalesny et al., 2004). Therefore, to determine if the number 
of GDDs influenced average root elongation, the number of 
growing roots or dormancy, we calculated GDDs as a function 
of monthly mean soil temperature, using eqn (1) (Romo and 
Eddleman, 1995):
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where GDDm is monthly cumulated GDDs; Tsoil is monthly soil 
temperature; (°C); Tmax is daily maximum soil temperature; Tmin 
is daily minimum soil temperature; Tbase is the mean base tem-
perature when roots began growth (°C); and d is days between 
two observation dates. When Tsoil is below Tbase, GDDm is not 
accumulated.

The cumulative GDD (CGDD) at a given month i was calcu-
lated by the formula:

	
CGDD GDD

February
mi

i

= å
	

(2)

where, CGDDi is the CGDD at a given month i; CGDD of the 
year was cumulated from February to the following January, as 

the lowest temperature was often found in February; GDDm is 
monthly cumulated GDD.

The parameter tbase was calculated for each root diameter 
class at each field site by regressing RER data (y) and monthly 
soil temperature (x) in order to obtain a linear relationship 
y = ax + b. When y was zero, x was considered as tbase (–b/a). 
Nine regressions were performed for each root category at all 
three altitudes to determine tbase. The parameter Tbase was then 
calculated as the mean of all tbase values at each altitude [eqn 
(3)]. We only regressed RER data and soil temperature <8 °C, 
because these regressions were highly linear (data shown in 
the Results). Above 8 °C, data were more dispersed, leading to 
non-linearity, thus affecting the point at which the regression 
line crossed the x-axis (see the Results for details and results 
of statistical analyses). tbase of all altitudes and all root diam-
eter classes ranged from 0.74 to 1.34 °C (P < 0.001), except 
for 1–2  mm roots at 1400 m (where tbase was –0.01  °C). We 
excluded outliers when calculating Tbase:

	
T

t

nbase
base= = ±å

1 07 0 08. .
	

(3)

where n = 8.

Root growing span

In our study, we found that it was almost impossible to deter-
mine whether roots had died, or whether they had entered a 
dormant period for several months. Therefore, we used ‘root 
growing span’ to represent the life span of a root. When root 
growth was no longer detected (after a period of 6 months), we 
assumed that a root had ‘stopped’ growing (had died or entered 
a long dormancy phase), and we terminated observations.

Statistical analysis

An analysis of covariance (ANCOVA) for general linear 
mixed model fits was used to analyse the effects of root diam-
eter, soil depth and vegetation structure on the RER and number 
of growing roots, with soil/air temperature or ѱ as a covari-
able. Data were transformed to meet a normal distribution when 
needed. We ran different models whereby we: (1) considered 
each rhizotron as a random effect; and (2) considered each 
rhizotron as a random factor nested under temperature. The 
Akaike information criterion (AIC) was calculated to choose 
the best fitted model. A post-hoc Tukey’s honest significance 
test (HSD) was performed when ANCOVA was significant.

Paired t-tests were used to determine differences in soil tem-
perature during the growing and non-growing seasons and dif-
ferences in snow depth between tree islands and gaps. Data 
from the three elevations were pooled.

Spearman’s rank correlations were performed to deter-
mine the relationship between the mean daily air temperature, 
monthly soil temperature and the number of growing roots 
or RER.

A Cox proportional hazard model was used to analyse the 
effects of root diameter class on root mortality risk. Different 
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Cox hazard models were performed for three root classes sep-
arately to test the effect of patch type and elevation (R package 
‘Survival’ by Therneau, 2013).

Analysis of variance (ANOVA) was used to analyse the 
influence of patch (tree island or gap), root diameter, altitude 
and year on mean monthly cumulated root length in the upper 
(0–30 cm) soil layer in individual rhizotrons during the grow-
ing season for each year separately. A Tukey’s HSD test was 
performed when the ANOVA result was significant.

Data shown are means ± s.e. All data were analysed using R 
software 3.0.2 (R Development Core Team, 2011). Tukey’s test 
was performed using the package ‘multcomp’ (Hothorn et al., 
2016) and mixed general linear model analysis on ANCOVA 
was conducted using the packages ‘lme4’ (Bates et al., 2015) 
and ‘car’ (Fox and Weisberg, 2011).

RESULTS

Climatic, meteorological and soil data

The mean monthly air temperature for all field sites combined 
was lowest in January or February (–3.8  °C) and highest in 
August (15.1 °C), with a mean annual temperature of 5.8 °C 
(Fig. 2A). Average annual precipitation is 1116 mm (Fig. 2A). 
During the growing season, soil temperature in gaps was sig-
nificantly higher than that in tree islands for all soil depths 
(Fig. 2B; Supplementary Data Table S3). However, during the 
dormant season, significant differences were only found in soil 
temperatures at 90 cm deep, where soil was warmer than near 
the surface. Both total SOC and total soil N decreased signifi-
cantly with increasing soil depth (Supplementary Data Table 
S4). SOC was significantly lower in gaps than in tree islands 
(Supplementary Data Table S5). However, there were no sig-
nificant differences in total soil N between gaps or tree islands 
(Supplementary Data Table S5).

At a depth of 0–30 cm, mean ѱ differed little between gaps 
and tree islands at 1700 m (Supplementary Data Table S4; Fig. 
S3). At 1400 m, differences between gaps and tree islands were 
more pronounced, with tree islands being drier than gaps near 
the soil surface (Supplementary Data Table S4; Fig. S3). At 
both altitudes, ѱ was lower (wetter) at a depth of 30–100 cm 
compared with that nearer the surface (Supplementary Data 
Table S4; Fig. S3).

Snow cover generally commenced in November and snow 
usually remained in place until the months of April at both 1400 
and 1700 m and May at 2000 m (Fig. 2). The maximum snow 
depth was in January or February from 2010 to 2012, and in 
April 2013. The deepest snow occurred at 2000 m (0.6 m in 
2010–2011, 1.7 m in 2011–2012 and 3.0 m in 2012–2013). 
Snow cover was much less at 1400 m. Snow depths were sig-
nificantly deeper in gaps than in tree islands (Supplementary 
Data Table S3).

Number of growing roots

The mean number of growing roots for all diameter classes and 
altitudes was highest in May 2011, June 2012 and July 2013, which 
in 2013 was just before bud break (Fig. 3). In 2011 (at 1400 and 

1700 m) and 2012 (at all altitudes), the mean number of growing 
roots in all diameter classes reached a peak just before the highest 
soil temperature occurred and then started to decrease (Fig. 3).

The number of growing roots was positively correlated with 
both mean daily air temperature in all root diameter classes and 
monthly soil temperature in 0–1 mm diameter class roots, but R 
was very low (Fig. 4). When air temperature was considered as 
a covariate and root diameter classes, soil depth and vegetation 
type were factors, root diameter class had the strongest impact on 
root number compared with other factors (Table 1). The number 
of growing roots in the 2–5 mm diameter class was significantly 
less than in the 1–2 mm class (P < 0.001), which in turn was sig-
nificantly less than in the 0–1 mm class (P < 0.001). When air 
temperature was considered as a covariable, the number of grow-
ing roots in gaps was significantly higher compared with that in 
tree islands at 1400 and 1700 m (in 2010 and 2011 at 1400 m and 
in all years at 1700 m; Fig. 4; Supplementary Data Table S6), 
while no significant differences were found at 2000 m.

Root elongation rate (RER)

At 1400 m, the RER in all diameter classes and for all years 
increased rapidly in May, reached a peak in July 2011 and 
then decreased (Fig. 2C–E). At 1700 and 2000 m, the RER of 
all diameter classes and for all years was highest in June and 
lowest in December (Fig. 2C–E). The dynamics of the RER 
followed a similar pattern to those of soil and air tempera-
tures (Fig. 2A, B). The RER was positively and significantly 
correlated with both monthly soil and daily air tempera-
tures (Spearman test: 2–5 mm, ρ = 0.71; 1–2 mm, ρ = 0.71; 
0–1 mm, ρ = 0.73, P < –0.01). No significant relationship was 
found between RER and ѱ at any elevation or patch type.

Root diameter size class had a much greater influence on 
RER than soil depth and forest patch type (Table 1). The RER 
in gaps was significantly higher than in tree islands, and RER 
in the deeper soil layer was significantly higher than that in the 
shallow layer (Table 1; Supplementary Data Fig. S4).

When mean air temperature was used as a covariable and all soil 
depths were combined, the RER in gaps was significantly higher 
compared with that in tree islands at 1400 and 1700 m (in 2010 
and 2011 at 1400 m and in all years at 1700 m, Supplementary 
Data Table S6; Fig. S4), but no significant differences were found 
at 2000 m (Supplementary Data Table S6). However, for the same 
soil temperature, RER was significantly higher in gaps than in tree 
islands (P = 0.04) in 2010 at 1400 m only.

Mean cumulated root length and growing degree days (CGDDs)

Total cumulated length (in the 0–0.3 m soil layer) was signifi-
cantly correlated with CGDDs in all root diameter classes (Fig. 5) 
and root length in the 2–5 mm class accumulated faster than in the 
other two diameter classes (P < 0.001, Fig. 5). When CGDD data 
for all years were combined, roots (all diameter classes combined) 
at 2000 m required significantly more CGDDs before growth was 
initiated, compared with roots at 1400 and 1700 m (P = 0.020, 
Table 2). At the end of the growing season, the CGDD was sig-
nificantly greater at 1400 m compared with the other two altitudes 
(P = 0.010, Table 2).
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Root mortality risk based on root growing span

When roots from all diameter classes, sites and forest patch 
type were pooled together, Cox proportional hazards regression 
showed that root diameter class had a more important effect on 

the risk of mortality (when a root stopped growing) compared 
with other factors. Roots in the 1–2 mm diameter class had 0.82 
times more risk of mortality than roots in the 2–5 mm diam-
eter class. Roots in the 0–1 mm diameter class had 1.84 times 
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more risk of mortality compared with roots in the 2–5 mm class 
(P < 0.001, Table 3). For roots in the 2–5 mm diameter class, 
roots at 1700 m had 0.3 times less risk of mortality than at 1400 
m (Table 3; Supplementary Data Fig. S5); no significant differ-
ences in mortality risk were found between roots in different 
patch types (Table 3; Supplementary Data Fig. S5). For roots 
in 1–2 and 0–1 mm diameter classes, roots at 1700 m had a 
significantly lower risk of mortality than at 1400 m, and roots 
at 2000 m had significantly greater mortality risk (Table  3; 
Supplementary Data Fig. S5). Roots in tree islands had 0.15 
times less risk of mortality than roots in gaps for 1–2 mm diam-
eter classes and 0.13 times less risk for roots in 0–1 mm diam-
eter classes (P = 0.008, P < 0.01, Table 3; Supplementary Data 
Fig. S5). No significant differences in mortality risk were found 
between roots at different depths in the soil.

DISCUSSION

Differences in root growth between gaps and tree islands

The number of growing roots and the RER of fine roots at 
the same mean daily air temperature were higher in gaps than in 

tree islands at 1400 and 1700 m; however, at the same monthly 
soil temperature, these differences disappeared. Soil tempera-
ture is a major driver of root growth in temperate forests (Mao 
et al., 2013a), but, as soil is buffered from the atmosphere, tem-
perature variations in soil are less variable than highly fluctu-
ating air temperatures (Barton et al., 1989). In our study, we 
measured mean monthly soil temperature only, possibly mask-
ing the effects of any more rapid changes in soil temperature 
between gaps and tree islands, especially during snowmelt and 
the summer. At 2000 m altitude, no differences in the number 
of growing roots and RER were observed between gaps and 
tree islands. As this elevation was approaching the thermal 
limit of forest growth (Kőrner, 2003), trees were more scat-
tered and stem density was lower than at the other altitudes 
(Mao et al., 2015). Therefore, biophysical differences between 
open and closed forest were less marked. Several processes 
may be occurring to explain the differences in root demography 
between gaps and tree islands: (1) gaps were warmer than tree 
islands, and temperature is a driver of root meristem activity 
(Barlow and Rathfelder, 1985; Wang et al., 2018); (2) although 
we found no direct relationship between RER and ѱ, wetter soil 
may increase micro-organism activity with positive effects on 
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root growth; (3) snowmelt under trees may increase the forma-
tion of frost in soil compared with gaps, because melted water 
from the thinner snow layer infiltrates into soil around trunks 
before freezing in the soil (Stadler et al., 1996); and (4) a much 
thinner layer of thermally protective snow under trees may also 
result in greater variations in daily or weekly soil temperatures 

not measured in our study, which could result in colder soil 
hindering root growth (Tierney et al., 2001).

Modifications in the risk of root mortality

We showed that the risk of mortality of 0–1 mm diameter roots 
was higher in gaps than in tree islands. As higher temperatures 
are known to increase the turnover rate of roots (McCormack 
and Guo, 2014; Kitajima et al., 2010), the higher temperatures 
we observed, especially in the early growing season, probably 
explain the greater risk of root mortality observed in gaps. 
According to Gill and Jackson (2000), increased maintenance 
respiration, nutrient mineralization and soil micro-organism 
activity explain why survivorship is lower at higher tempera-
tures. Although we found no differences in root mortality risk at 
different depths, Kitajima et al. (2010) suggest that root turnover 
rate can be explained by soil temperature alone, which is a more 
accurate predictor than soil depth. As tree fine roots in gaps were 
further from trees than the proximal roots in tree islands, carbo-
hydrate resources may be less available for maintaining fine root 
longevity. However, Wang et al. (2018) showed that carbohy-
drate levels remained high in fine roots all year round. A plaus-
ible hypothesis for explaining the increased mortality of distal 
roots is that these roots are naturally ‘shed’ from the tree, in 
the same way that foliage is shed and renewed (Mainiero and 
Kazda, 2006). However, at 2000 m, we found a higher mortal-
ity risk for roots in the 0–1 and 1–2  mm diameter classes in 
both gaps and tree islands. At this elevation, trees might produce 

Table 1.   Results of ANCOVA tests on the relationships between 
root diameter, soil depth and patch type (tree island/gap) on the 
number of growing roots and root elongation rate (RER), with daily 
mean air temperature or monthly soil temperature as covariates

d.f. χ2 P (>χ2)

Number of growing roots
Air temperature 1 6.64 0.009
Root diameter 2 137.01 <0.001
Gap/tree island 1 4.57 0.03
Soil depth 1 51.15 <0.001
RER
Air temperature 1 137.93 <0.001
Root diameter 2 175.96 <0.001
Gap/tree island 1 4.64 0.03
Soil depth 1 19.64 <0.001
RER
Soil temperature 1 106.3 <0.001
Root diameter 2 76.66 <0.001
Gap/tree island 1 0.04 0.84
Soil depth 1 30.09 <0.001

Type II Wald χ2 tests are shown, along with degrees of freedom (d.f.) and 
probability (P).
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ephemeral, short-lived fine roots when it is warm, to cope with 
the significantly shorter growing season. Increased root mortal-
ity risk at 2000 m may equally be due to the shift in species 
composition with altitude, which is partly the result of lower 
temperatures and a shorter growing season. A study to disentan-
gle the rate of root mortality of individual species with that at 
the community level is therefore necessary to investigate further 
how forest structure impacts fine root dynamics.

In general, thicker roots possessed a longer growing span 
compared with fine roots, as also found by, for example, 
Wells and Eissenstat (2001) and Baddeley and Watson (2005). 
However, as diameter is usually well correlated to root order, 
and hence root function, root order may be the driving factor 
behind survivorship and longevity, as suggested by Kitajima 
et  al. (2010). Valenzuela-Estrada et  al. (2008), working on 
Vaccinium corymbosum, showed that higher order proximal 
roots with thicker diameters had more epidermal cells and 
larger vessel diameters than lower order distal fine roots. It was 
suggested that thicker roots are more expensive to construct in 
terms of carbon; therefore, if more investment has taken place 
in constructing thicker roots, more return on the investment will 
be gained if these roots live longer. We assume that root life 
span should maximize the lifetime root efficiency or the life-
time benefits relative to the lifetime costs (Eissenstat and Yanai, 
1997). Fine roots in a cold environment, for example at higher 

elevations and during the winter months, have a low assimila-
tion ability, but remain alive (Schindlbacher et al., 2007; Ruehr 
and Buchmann, 2010), and can recover quickly after a period of 
cold weather (Barlow and Rathfelder, 1985). These roots pro-
vide a transport pathway to allow for the provision of resources 
for a rapid production of fine roots as soon as the root growing 
season starts the following year.

Root growing season

The growing season of roots decreased significantly at higher 
altitudes, as also shown by Moser et al. (2010). We showed that 
roots at 1400 m elongated for a longer period (7–10 months) 
compared with those at 1700 m (6–7  months) and 2000 m 
(5–8 months). However, we found that the number of growing 
roots was lower at 1400 m for the same mean daily air tempera-
ture. Our results show that roots at higher elevations are more 
responsive to increases in air or soil temperature, to compen-
sate for the shorter growing season, as also suggested by Mao 
et al. (2015), who found that at the same field sites, the ratio of 
fine root cross-sectional area to stand basal area increased with 
increasing elevation.

Due to an exceptionally long and severe winter in 2013, the 
growing season started considerably later at 2000 m, resulting 
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Table 2.  Growing season for roots in all three altitudes from 2011 to November 2013

Altitude (m) Start date Stop date Start CGDD (°C d) End CGDD (°C d) CGDD during growing season (°C d) No. of growing months

1400 19 April 2011 12 January 2012 135.43 (12.97) 1957.80 (66.18) 1822.37 (113.46) 10
1700 17 May 2011 3 November 2011 231.07 (47.65) 1601.42 (133.46) 2090.13 (102.21) 7
2000 27 June 2011 12 December 2011 469.68 (49.02) 1481.40 (91.17) 1487.90 (86.35) 7
1400 11 April 2012 7 January 2013 145.03 (13.78) 2235.16 (72.76) 1370.35 (172.06) 10
1700 17 Ma 2012 27 November 2012 220.58 (33.82) 1832.28 (139.67) 1611.70 (227.39) 7
2000 11 June 2012 7 January 2013 192.83 (11.79) 1589.82 (130.43) 1049.57 (170.34) 8
1400 13 May 2013 8 November 2013 221.78 (17.64) 1709.68 (57.88) 1011.72 (84.66) 7*
1700 17 Jun 2013 8 November 2013 360.21 (29.06) 1409.78 (104.19) 1396.99 (210.54) 6*
2000 23 July 2013 8 November 2013 558.02 (61.55) 1191.93 (105.87) 633.91 (77.04) 5*

Growing season was decided when the RER in 2–5 mm diameter classes was >0.2 mm d–1.
‘Start CGDD’ is the CGDD that is needed for roots to start growing. ‘End CGDD’ is the CGDD at the end of the growing season. ‘CGDD during the growing 

season’ is the CGDD between the start and stop dates. The ‘start date’ and ‘stop date’ are when observations were commenced and terminated, respectively. Data 
shown are means (s.e.)

*The observation stopped in November 2013.
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in a total of only 5  months growing season compared with 
7 months at 1400 m and 6 months at 1700 m. At 2000 m, snow 
cover was prevalent until the month of June, and root growth 
started in July, after 558 CGDDs, compared with 360 and 222 
CGDDs at 1400 and 1700 m, respectively. The effect of the 
long winter resulted in a very low number of growing roots at 
2000 m in 2013. Therefore, we suggest that if a root starts to 
grow after a certain number of CGDDs (approx. 500 CGDDs), 
a normal rate of root growth may not occur in the ensuing grow-
ing season. Calculating CGDDs for root activity has rarely been 
performed (Zalesny et al., 2004), and we show that it can pro-
vide useful information with regard to root system dynamics.

Links between root diameter and elongation

As long as soil temperature remained above freezing, and 
even when the mean daily air temperature was <0 °C, 2–5 mm 
class roots continued elongating, as also found by Mao et al. 
(2012), but the RER of 0–1  mm class roots only started to 
increase when air temperatures reached 2 or 3  °C (Fig.  2). 
In a controlled growth chamber, where 1-year-old seedlings 
of P.  abies were grown at different soil temperatures, it was 
found that roots only started growing when soil temperatures 
were between 4 and 5°C (Alvarez-Uria and Körner, 2007). We 

suggest that the threshold of temperature required to initiate 
growth probably differs between roots of different diameters. 
Fine roots, regardless of tree age [in the study of Alvarez-Uria 
and Körner (2007), all roots were <1  mm in diameter], may 
need higher temperatures for growth to initiate, compared with 
coarser roots.

A greater number of finer roots elongated, compared with 
roots from thicker diameter classes, but the daily mean RER was 
higher in thicker roots, as also found by Mao et al. (2013a) at 
the same field site, and in other species, e.g. Libocedrus decur-
rens Torr (Wilcox, 1962). This phenomenon was reflected in the 
amount of total root length cumulated after 2000 CGDDs, with 
twice as much root length cumulated in the 2–5 mm diameter 
class compared with the 0–1 mm diameter class (Fig. 5). Fine 
roots are necessary for water and nutrient uptake, thus a higher 
number of elongating fine roots will permit a better scavenging 
of soil resources. Thicker roots anchor these foraging fine roots 
in the soil matrix (Barlow, 1989; Pregitzer et al., 2002; Stokes 
et al., 2009). Therefore, roots of different diameters possess dif-
ferent roles, reflected in their growth strategy. Thicker roots are 
more expensive for the tree to construct than fine roots as the 
C/N ratio is lower and specific root length (the ratio between 
root length and dry weight) is higher in fine roots (Pregitzer 
et al., 1997). Therefore, although less numerous, once initiated, 
these roots grow faster and act as a transport pathway and struc-
tural support for the more numerous absorbing fine roots.

CONCLUSIONS

The RER was primarily driven by soil temperature (between 0 
and 8 °C), not soil water potential, and so was less when soil 
was colder, e.g. in tree islands and at higher elevations. Roots 
at higher elevations were more responsive to the increase in 
temperature at the beginning of the growing season, probably 
to compensate for the shorter growing season. Compared with 
thicker roots, thinner roots were more numerous and required 
higher temperatures to initiate growth although they possessed 
a shorter life span. The difference between tree islands and gaps 
was less marked at 2000 m, probably due to the decrease in 
tree density near the treeline, resulting in fewer differences in 
the biophysical environment. Root turnover rates were lower 
in colder soils (tree islands), especially for the finest roots. 
However, finer roots at 2000 m had a greater risk of mortal-
ity: producing ephemeral, short-lived fine roots could also be 
a strategy to cope with the shorter growing season at a higher 
elevation. Therefore, heterogeneous forest structure and situ-
ation play a significant role in determining root demography in 
temperate forests, mostly because of modifications to local soil 
temperatures.

SUPPLEMENTARY DATA

Supplementary data are available online at https://academic.
oup.com/aob and consist of the following. Figure S1: map 
showing the position of the 12 rhizotrons. Figure S2: images 
of elongating roots in rhizotrons at 2000 m. Figure S3: water 
potential (ѱ in –kPa) of (a) 0–30 cm soil and (b) 30–70 cm soil 
in tree islands and gaps at 1400 and 1700 m altitude. Figure 
S4: root elongation rate. Figure S5: survival probability. Table 

Table 3.  Results of Cox proportional hazard regressions on root 
growing span examined in relation to root diameter and patch type 

[tree island (closed forest)/gap]

95 % CI

Covariable Cox 
regression

Hazard 
ratio

Standard 
error

Lower Upper z P

All roots
ref: 2–5 mm 

root
1–2 mm root 0.60 1.83 0.06 1.63 2.04 10.52 <0.001
0–1 mm root 1.04 2.84 0.05 2.56 3.15 19.81 <0.001
2–5 mm root
Ref: 1400 m
1700 m –0.36 0.7 0.1 0.57 0.85 –3.48 <0.001
2000 m –0.28 0.75 0.21 0.49 1.14 –1.33 0.18
ref: Gap
Tree island –0.1 0.91 0.1 0.75 1.1 –0.97 0.33
1–2 mm root
Ref: 1400 m
1700 m –0.44 0.65 0.06 0.57 0.73 –6.73 <0.001
2000 m 0.4 1.49 0.1 1.22 1.81 3.9 <0.001
ref: Gap
Tree island –0.16 0.85 0.06 0.76 0.96 –2.64 0.008
0–1 mm root
Ref: 1400 m
1700 m –0.34 0.71 0.03 0.66 0.77 –9.36 <0.001
2000 m 0.17 1.18 0.06 1.05 1.33 2.78 0.005
ref: Gap
Tree island –0.13 0.87 0.03 0.81 0.93 –3.95 <0.001

Hazard ratios for categorical covariates are the risk of stopping growth rela-
tive to a reference (ref) level (Cox, 1972), given for each covariate in the covari-
ate column. A  ratio >1 indicates that roots from that level of the covariable 
have a greater risk of mortality than roots from the reference level, while the 
opposite is true if the ratio is <1. The values for 95 % confidence intervals (CIs) 
are upper and lower limits and are not symmetrical about the hazard ratio. The 
z-value is the power of the test.
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S1: site information. Table S2: regression relationships. Table 
S3: paired t-tests on soil temperature and snow depth between 
gaps and tree islands. Table S4: soil total organic carbon, total 
nitrogen content and water potential (ѱ) in tree islands and 
gaps at different soil depths and elevations. Table S5: results of 
ANOVA tests.
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