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Root trait plasticity can facilitate plant adjustment to water shortages, but the impact
of altered traits on belowground carbon (C) cycling is mostly unknown. While drought
and nutrient availability can alter root morphological and chemical traits that may
affect root decomposition, direct assessments of drought mediated changes on
decomposability are not available. We exposed four tree species contrasting in drought
stress tolerance and root traits to three dry-down and recovery periods (over 5 months
after 11 months of growth in well-watered conditions) under high and low nutrient
conditions. We then assessed early stage root decomposability in relation to their
morphology and chemistry as well as implications for CO2 release when accounting
for effects on root biomass. While each species showed a unique set of responses,
drought generally reduced root diameter and increased nitrogen concentration. We
found limited evidence that morphological responses to drought were counteracted
by high nutrient supply. Results indicated that the degree of association between
morphological and nutrient root trait responses to drought and decomposability varied
with different species. However, across these contrasting woody species, drought-
induced increases in nitrogen and phosphorus concentrations were associated with
drought-induced increases in early stage root decomposability. When accounting for
changes in root biomass, estimated overall C loss through root decomposition increased
with drought stress. Our experimental results demonstrate that changes in tree root traits
with drought can enhance C loss via root decomposition, and with other factors being
equal, drought may potentially contribute to a positive feedback to climate change. Our
findings contribute empirical evidence to help disentangle the multiple factors involved
in root contribution to C balances at the ecosystem level.

Keywords: decomposition, drought, root traits, root morphology, root nutrients, nutrient availability, woody
plants, climate change feedbacks

INTRODUCTION

Plant root responses to climate change can impact ecosystem carbon (C) cycling in highly diverse
ways that are just beginning to be understood (Bardgett et al., 2014; Bardgett, 2017). Among climate
events, droughts are presumed to have among the strongest impacts on terrestrial C cycling (Frank
et al., 2015). Reduced precipitation frequency and amounts, and longer dry periods (drought),
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are expected to increase plant stress particularly in mid-latitudes
(IPCC, 2013). These changes in precipitation regimes are
particularly poised to impact roots via shifts in both water and
nutrient availability in soil. Root traits mediate plant productivity
under drought (Comas et al., 2013) and root trait shifts can help
support plants adjust to water and associated nutrient shortages
(Pierik and Testerink, 2014). Root-mediated impacts on plant
performance can impact ecosystem C cycling via aboveground
C exchange; however, root responses can also have direct effects
on belowground C cycling.

Roots traits are major drivers of soil C sequestration and
balance while living but also after death (Faucon et al., 2017).
Living roots deposit C into their vicinity, influencing the
decomposition of surrounding soil organic matter (Cheng et al.,
2014) and providing a source of C for microbial C assimilation
and stabilization and soil C formation (Sokol et al., 2019).
Once roots die, however, their impacts on C cycling continue
as they become substrates for decomposition and C release
to the atmosphere, and sources for soil C formation. The
effects of climate change-driven shifts in water and nutrient
availability on morphological, chemical or architectural root
traits have potential to modify these belowground processes.
To understand and model the mechanisms by which climate
change can affect ecosystem C balance and potential feedbacks
to climate, it is necessary to tease apart its impact on
individual processes. Here we focus on the impacts of water
and nutrient availability on root chemistry, morphology and
their relation to root decomposability and C release. Studies
of drought impacts on decomposition and climate feedback
mechanisms have largely focused on direct effects of moisture
on microbial activity and ecosystem respiration, leaving the
indirect responses via changes in plant root traits as a large gap
in our knowledge.

Responses of root morphology to reductions in water
availability have been assessed by various studies and while
some common responses have been observed, high variation
exists among studies, species and functional groups. A recent
synthesis of 128 field studies found overall trends for decreased
root biomass, root length and root length density and increased
root diameter with drought (Zhou et al., 2018). In contrast, in
another meta-analysis, Zhang et al. (2019) observed decreased
diameter with reduced precipitation (not necessarily to drought
levels). Specifically for woody species, Zhou et al. (2018) found
increased specific root length but decreased overall root length
with no effect on root diameter. Wang et al. (2020) observed that
decreased precipitation reduced fine root biomass of herbaceous
but not woody species. In a study focused on woody species,
Olmo et al. (2014) found increases in specific root length and
tissue density, but in contrast to Zhou et al. (2018), they found
decreases in root diameter. In addition to changes in morphology,
the chemistry, including elemental composition of roots, can
also be impacted by drought stress. In a summary of observed
and expected responses to drought, Brunner et al. (2015) noted
that root C and phosphorus (P) concentrations could decrease,
while nitrogen (N) could increase. Olmo et al. (2014), however,
saw a clear decrease in N concentration in woody species. Root
responses thus appear to differ for woody plants, and may

further vary with ecological strategies to cope with drought
(Nikolova et al., 2020).

Changes in root morphology and nutrient content with
drought are likely highly interrelated and also dependent on
nutrient availability. Changes in root morphology with drought
can facilitate plant access to water, but also nutrients, as nutrient
access is limited by water availability (Brunner et al., 2015;
Zhou et al., 2018). Indeed, there are common root physiological
responses to water and nutrient availability (Kudoyarova et al.,
2015), and nutrient supplementation is used as a means to
ameliorate impacts of drought (Bardhan et al., 2021). While
nutrient supplementation could be expected to counteract
impacts of drought on nutrient content, it may also counteract
impacts on morphology. Direct manipulations to assess this
dependency and its impacts on root decomposition are needed,
particularly in woody species.

Root morphology and nutrient and C chemistry can
influence root susceptibility to decomposition (decomposability).
Nutrient-related traits have been frequently studied and appear
to regulate root decomposability across large suites of species.
Root decomposability increases with N concentration (Roumet
et al., 2016; See et al., 2019; Bonanomi et al., 2021; Jiang et al.,
2021) and P concentration (Smith et al., 2014; See et al., 2019;
Jiang et al., 2021). C traits, particularly the concentration of
acid unhydrolizable compounds including lignin and phenolics,
have been found to be a good predictor of root decomposition
(Prieto et al., 2016; Roumet et al., 2016; See et al., 2019;
Bonanomi et al., 2021; Jiang et al., 2021). Morphological traits
have been less commonly studied and patterns are less clear. For
example, thinner roots can lead to faster or slower decomposition
depending on the stage of decay (Hobbie et al., 2010) or on
mycorrhizal type (Jiang et al., 2021). Decomposition has been
found to increase with specific root length (Roumet et al., 2016),
but decrease with specific root area (Smith et al., 2014). Some
of the discrepancies may arise from the differences between
woody and herbaceous growth forms, as controls on their root
decomposition are likely to differ (See et al., 2019). As drought
drives within-species variation in various root traits, changes
in decomposability could be expected, but it is unknown if
responses vary across species.

Understanding the effects of climate factors on plant traits
and their susceptibility to decomposition is critical to understand
impacts on the C balance (Cornwell et al., 2008; Laliberté, 2017).
Very few studies have directly assessed how particular climate
factors shape decomposability of roots. Warming and elevated
CO2 increased decomposability in grasslands (Sindhoj et al.,
2000; Nelson et al., 2017), while long-term rainfall exclusion
increased decomposability in a Mediterranean forest (Garcia-
Palacios et al., 2016). In these studies, the mechanisms by which
the climate factor affected decomposability remain unclear. The
missing link is how the impact of drought and other climate
factors on root morphology and chemistry subsequently impacts
root decomposability and resulting C release. Predictions of
decomposability based on expected impacts of drought on root
traits may be imprecise as they require assumptions of the
direction of responses; furthermore, different trait responses may
cause counteracting impacts. Brunner et al. (2015) proposed
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that the expected decreases in root diameter with drought could
potentially enhance their decomposability. However, very fine
roots of tree species decomposed more slowly than thicker
roots (Sun et al., 2013), which suggests that the expectation
of higher decomposability of thinner, longer roots may not
apply. Similarly, the impacts of a stress such as drought on
chemical recalcitrance of tissues would be expected to reduce
decomposability (Suseela and Tharayil, 2018); however, the
few observations available indicate higher decomposability with
warming and drought (Garcia-Palacios et al., 2016; Nelson
et al., 2017). Direct assessment of drought-mediated changes
on decomposability are not available. Moreover, to scale these
effects, it is necessary to also consider the impact of drought on
root biomass, as overall effects on root C loss via decomposition
and C remaining in soil will depend on the balance between
impacts on decomposability of the tissues and impacts on
standing biomass stocks.

In order to address these knowledge gaps, we asked: (1)
What are the main and combined impacts of drought and
nutrient availability on tree root morphology, chemistry and
decomposability?; and (2) What is the effect of changes in
decomposability combined with changes in biomass on the
overall release of CO2? For this we exposed four tree species
from different functional groups, differing in drought stress
tolerance and root traits, to periodic water shortage under high
and low nutrient conditions. We expected that the degree of
chemical, morphological and biomass response of roots would
depend on the intrinsic drought stress tolerance of species.
Specifically, we hypothesized that for these woody species (1)
drought would increase specific root length (longer roots per
unit mass) and tissue density and decrease root diameter and
N concentration, but that these effects would be counteracted
by high nutrient availability, which would reduce stress in terms
of nutrient access; (2) thinner and longer roots associated with
drought would be more easily decomposable, thereby releasing
more C as CO2 per unit of root biomass, but if drought
decreased N content this effect would be counteracted, and (3)
the enhanced release of C back to the atmosphere with increased
tissue decomposition would be balanced by the reduction of root
biomass with drought.

MATERIALS AND METHODS

Experimental Design
The study utilized the rainout shelter facility at Western Sydney
University, Richmond, NSW, Australia (long. 150◦44′23′′E, lat.
33◦36′39′′S, mean annual temperature = 17◦C and mean annual
precipitation = 730 mm). The facility comprises 6 rainout
shelters (12 m long × 8 m wide × 7 m tall), each possessing
a light-transparent retractable roof and curtains which close
automatically when rainfall is detected, preventing rain from
falling into the shelter (Drake et al., 2017) and thus allowing full
control of water supply. A 1 m gap at the bottom of the shelter
maintains air flow during rainfall. Following rainfall events, the
curtains retract so that temperature and humidity return to
ambient field conditions.

Four evergreen tree species were selected to be contrasting in
terms of water use. Casuarina cunninghamiana (CACU, N-fixer),
is a native evergreen tree found in high water availability sites;
Pinus radiata (PIRA) is an exotic gymnosperm with high drought
tolerance; Eucalyptus tereticornis (EUTE) is a widespread native
along the Australian Eastern coast, where seasonal drought is
naturally common; Eucalyptus sideroxylon (EUSI) also native,
is typically slower-growing and expected to be more tolerant
to drought than EUTE (Drake et al., 2017). In November 2011
5-month old seedlings were planted in 75 L bags filled with 90-
100 kg of field soil (one seedling per bag). The soil was a local
loamy sand (pH = 6.2, 14 g kg−1 organic C, 1.2 g kg−1 total
N, and 0.24 g kg−1 total P). When plants died during the first
month they were replaced with spare seedlings. In each of the six
shelters there were 4 bags of each species for each of 4 treatments:
low water and low nutrient supply (LW-LN), low water and high
nutrient supply (LW-HN), high water and low nutrient supply
(HW-LN), and high water and high nutrient supply (HW-HN).
Thus, 4 species× 2 water treatments× 2 nutrient treatments× 6
replicates (one in each shelter) amounted to 96 trees in total.

All bags received N, P, K, and S fertilizer (Nitrophoska
Special R©) 6 months after transplanting. Bags with high nutrient
supply received additional fertilizer at 10 and 13 months (for
details of fertilization regime see Dijkstra et al., 2016). A total
of 9.0, 3.7, 10.4, and 5.8 g m−2 of N, P, K, and S were added
to the bags with the high nutrient supply treatment, which was
4 times the amount added to the bags with the low nutrient
supply treatment.

For the first 11 months of growth since transplanting (until
October 2012), soil moisture was maintained at field capacity
in all bags by watering bags on a daily basis. At this point (the
Austral Spring-Summer), the low water availability treatment
was implemented as three periods of reduced water. Bags with
low water supply received reduced water during the period 8
October–2 November 2012 (first dry-down), 19 November–21
December 2012 (second dry-down), and after 28 January 2013
until drought-induced plant mortality (third dry-down). The
dry-down periods involved passive drying to a minimum target
volumetric content of 0.05 m3 m−3 followed by controlled re-
wetting to field capacity, while during the final dry down no
water was added (Drake et al., 2017). On all other dates, soil
moisture was maintained at conditions similar to the high water
supply treatment. Volumetric soil moisture was monitored for
each species in the low and high water supply treatments with
high nutrient availability (Dijkstra et al., 2016).

Sampling and Analyses
After 16 months of growth, in late March 2013, during the
final dry down period before plant death, a 5-cm diameter,
20-cm core was taken from each bag. All roots in the core
were hand-picked and refrigerated and total dry weight of soil
in the core was measured. To evaluate root morphology, all
roots were washed and arranged for digital scanning and images
analyzed automatically with WinRhizo Pro software (Regents
Instruments, Inc., Quebec) for length, diameter, volume, surface
area and branching. Scanned roots were then washed, dried
and weighed. We assessed root average diameter (mm), specific
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root length as the ratio of root length to root dry mass (SRL;
cm mg−1), root tissue density as mass per unit volume (RTD;
g cm3), specific surface area as the ratio of area to dry mass
(SSA; cm2 g−1), and branching as the number of forks per unit
of mass (number mg−1). Following morphological assessment
a subsample was ground for C, N, and P analysis. C and N
were determined with Dumas combustion using a Vario EL
Cube CHNOS Elemental analyzer, Hanau, Germany. P was
determined via Kjeldahl digestion using 3 mL pure H2SO4 and
2 mL H2O2, 30% and a Berghof ’s microwave digester with
speed wave 4. P concentrations of the Kjeldahl digests were
colorimetrically analyzed at 880 nm after a molybdate reaction
in a discrete analyzer (AQ2, SEAL Analytical, Ltd., Milwaukee,
WI, United States and EPA135 method).

All remaining roots were later incubated in the laboratory
to quantify decomposition measured as CO2 production. For
incubation, dried roots were homogenized by cutting into < 1 cm
length and mixed. A subsample of 60 mg of roots was mixed
with 30 g of autoclaved and oven-dried sand (1:500 ratio by
weight) in plastic cups. Plastic cups were placed in gas 400 ml
air-tight jars for incubation with 20 ml of water in the bottom to
maintain humidity. To initiate incubations, root-sand mixes were
inoculated with 3 ml of soil slurry (1:10 soil:water, 250 µm filtered
and previously kept at 25◦C for 3 days to activate microbial
activity). Soil used to produce the slurry was an even mix of air-
dried soils generated by combining subsamples from all field soil
cores from all bags. This approach allowed us to fully isolate the
experimental impacts on root morphology and remove impacts
on soil microbial communities, while still using the native soil
microbial community. In 17 samples, for which there was less
than 60 mg roots available, the ratio of root to sand to slurry was
adjusted proportionally. Immediately after inoculum addition,
jars were ventilated outdoors to bring CO2 concentrations to
atmospheric conditions, capped and kept at 25◦C. Three blank
jars (all components minus the roots and inoculum) were
maintained in parallel. Rate of CO2 release was estimated at day
3, samples quickly ventilated again, capped and sampled again at
day 5 and this was repeated at day 16. CO2 was measured in a
12 ml headspace subsample transferred with airtight syringes to
pre-evacuated gas chromatography vials. CO2 was measured on
an Agilent Technologies G1888 greenhouse gas analyzer.

Statistical Analysis
We used ANOVA to test for effects of species, water supply
and nutrient supply and their interactive effects on root biomass
and morphological and chemical variables. The rain out shelter
was included as a blocking factor, but it did not explain a
significant amount of variation. Repeated measures ANOVA was
used to assess impacts of treatments on decomposition over the
incubation time. No interactive effects of time were detected so
the CO2 release over the three incubation periods were combined
into a cumulative release across the full incubation and divided
by the number of days to calculate mean decomposition rate.
Three-way ANOVA was used for mean decomposition rate as
for root biomass, chemistry and morphology. We used Pearson
correlation to explore relationships between root morphology
and chemistry with decomposition for individual species. To

investigate the association of the impacts of water availability
on root traits with those of root decomposition across species
we used principal component analysis on the responses of all
variables to water availability. Responses were calculated as the
ratio between the value of each variable at LW over HW for each
species and each nutrient condition in each rainout shelter (4
species× 2 nutrient conditions× 6 shelters).

RESULTS

Root Biomass and Morphology
Root biomass was highest in CACU, and similar across other
species, while PIRA exhibited large root diameter and low specific
root length. Biomass significantly decreased under low nutrients
(LN) in all species, but particularly EUTE, where it was reduced
by 88% (Figure 1A and Table 1). Root biomass was not affected
by water availability. In contrast, all morphological parameters
responded to water availability but the combination of variables
affected were dependent on species or nutrient availability. Root
diameter was reduced under low water availability (LW) across all
species (Figure 1B and Table 1) but this effect was more marked
in EUSI and PIRA (marginally significant Species by Water
interaction; Table 1). LW increased SRL in EUSI (Figure 1C and
Table 1). RTD was increased by LW in CACU and PIRA, but
decreased with LN overall (Figure 1D and Table 1). SSA and
branching showed interactive effects of species by water and by
nutrients. SSA increased in LW for EUSI and EUTE, but only
under LN in EUTE; in contrast, LW reduced SSA in CACU and
did not impact PIRA (Figure 1E and Table 1). LW increased
branching (# forks per unit of mass) in EUSI and PIRA, when
under LN for the later and LN reduced branching for EUSI and
PIRA, when under HW for the later (Figure 1F and Table 1).

Root Chemistry
Root chemistry contrasted significantly across species (Figure 2,
and Table 2). CACU and PIRA had the highest N concentration
and consequently the lowest C/N ratios; thus, the eucalypts
(EUSI and EUTE) had the lowest N concentration. PIRA showed
the highest P concentration and EUSI the lowest. EUTE had
the lowest N/P ratio. Root chemistry responded to water and
nutrient availability but there were no interactive effects of water
and nutrients. Reduced water availability (LW) led to higher N
concentration across species (12% increase on average, but with
a stronger effect on EUTE and PIRA) and thus lower C/N ratios
(main effect of Water, Table 2). An increase of P concentration
with LW of 9% on average was marginally significant, but
occurred in all species except EUSI. Root N was reduced under
LN, especially for EUSI, generating a higher C/N ratio (Species
by Nutrient interaction, Table 2 and Figure 2).

Root Decomposition and Relationships
With Root Traits
C-CO2 release rates were consistent with other lab incubation
measurements of early root decomposition via CO2 release
(Nelson et al., 2017), CO2 release and mass loss (Ma et al., 2016)
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FIGURE 1 | Root biomass and morphological parameters in response to water and nutrient availability treatments. Water (W): Low/High water availability (LW/HW),
Nutrients (N): Low/High nutrient availability (LN/HN). (A) Biomass; (B) diameter; (C) specific root length (SRL); (D) root tissue density (RTD); (E) specific surface area
(SSA); (F) number of forks (branching points). Data points represent averages across shelters/replicates with standard error (n = 6). P-values from two-way ANOVA
with interactions for each species. Italics indicate marginal significance. See Table 1 for analysis across species. CACU, Casuarina cunninghamiana; EUSI,
Eucalyptus sideroxylon; EUTE, Eucalyptus tereticornis; PIRA, Pinus radiata.

TABLE 1 | Results from statistical analysis of impacts of water and nutrient availability across plant species on root biomass and morphological parameters.

Biomass
(mg g soil−1)

Average
diameter* (mm)

SRL
(cm mg−1)

RTD
(g cm−3)

SSA
(cm2 g−1)

Branching
(forks mg−1)

Source DF F Prob F Prob F Prob F Prob F Prob F Prob

Species 3 15.5 <0.0001 12.6 <0.0001 6.0 0.001 1.6 0.204 1.9 0.13 2.4 0.076

Water 1 0.4 0.55 18.1 <0.0001 3.2 0.08 10.1 0.002 0.0 0.94 0.7 0.422

Nutrient 1 16.6 <0.0001 2.4 0.13 0.9 0.36 3.9 0.051 0.5 0.50 1.1 0.290

Species × Water 3 0.0 0.99 1.9 0.10 3.8 0.01 2.9 0.042 3.5 0.02 3.3 0.026

Species × Nutrient 3 3.3 0.03 1.1 0.35 1.1 0.37 0.4 0.773 0.6 0.59 1.4 0.255

Water × Nutrient 1 0.1 0.73 0.0 0.72 0.7 0.42 0.9 0.345 0.1 0.70 0.2 0.676

Species × Water × Nutrient 3 1.0 0.41 0.8 0.33 2.3 0.08 1.2 0.300 2.7 0.05 2.8 0.047

SRL, specific root length; RTD, root tissue density; SSA, specific surface area.
F- and p-values for three-way ANOVA (Water, Nutrients, Species) with all interactions. Bold indicates significant effects. Italics indicate marginal significance. *Indicates
log-transformed variable.

and with field observed mass loss of forest roots (Ostertag and
Hobbie, 1999). Root decomposition was not affected by nutrient
availability but was impacted by water availability with the
magnitude of the effect being dependent on species (Figure 3).

Decomposition rates were significantly increased under LW
conditions for CACU (by 43%; p = 0.0003), PIRA (by 42%;
p = 0.0042) and for EUTE when under HN (by 54%; p = 0.019,
t-test).
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FIGURE 2 | Root chemistry in response to water and nutrient availability treatments for each of the studied species. Water (W), Low/High water availability (LW, HW);
Nutrients (N), Low/High nutrient availability (LN, HN). Data points represent averages across shelters/replicates with standard error (n = 6). See Table 2 for statistical
test across species. CACU, Casuarina cunninghamiana; EUSI, Eucalyptus sideroxylon; EUTE, Eucalyptus tereticornis; PIRA, Pinus radiata.

TABLE 2 | Results from statistical analysis of impacts of water and nutrient availability across plant species on root chemistry (N and P content, N/P and C/N).

N P N/P C/N

Source DF F Prob F Prob F Prob F Prob

Species 3 88.8 <0.0001 6.3 0.001 7.3 0.0004 64.1 <0.0001

Water 1 7.5 0.008 3.3 0.079 0.8 0.38 8.6 0.004

Nutrient 1 5.4 0.02 0.0 0.93 0.7 0.41 10.1 0.002

Species × Water 3 1.1 0.37 1.0 0.38 0.6 0.65 2.1 0.10

Species × Nutrient 3 1.0 0.40 1.4 0.25 0.2 0.88 2.7 0.05

Water × Nutrient 1 0.5 0.50 0.1 0.75 0.0 0.85 1.8 0.18

Species × Water × Nutrient 3 0.4 0.78 0.4 0.74 0.4 0.74 0.7 0.55

F and p-values for three-way ANOVA (Water, Nutrients, Species) with all interactions. Bold indicates significant effects, italics indicate marginal significance.

We examined relationships of roots traits and decomposition
within species and found significant albeit species dependent
relationships (Table 3). Decomposition rate of CACU was
positively related to RTD. Decomposition of EUTE and PIRA was
positively related to N content. In addition, PIRA showed strong
relationships with C and C/N and with morphological traits,
including a negative relationship with diameter and positive
relationships with SRL and branching.

We also investigated the coordination between the responses
to water availability (ratio of LW to HW values) of root traits and
decomposition across species (Figure 4). The responses of SSA,
RTD, SRL, and branching were positively related to PC1 while the
response of diameter was negatively related, reflecting that across
species the reductions in diameter with LW corresponded with

increases in SSA, RTD, and SRL and branching. The response of
decomposition was positively associated to PC2 together with N
and P, indicating that across species increases in decomposition
with LW occurred in conjunction with increases in N and
P concentrations.

Integrated Impact of Changes
Belowground on CO2 Release From
Decomposition
We applied the measured decomposition rates per mass to the
measured biomass pools to estimate the potential CO2 release
from root decomposition per gram of soil thus accounting for
the responses of biomass to treatments. Integrated CO2 release
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FIGURE 3 | Decomposition rate of roots produced under water and nutrient availability treatments for each of the studied species. Values are mean decomposition
rates as CO2 release from roots incubated in sand per gram of root ± standard error (n = 6) across the full incubation duration. HW, high water, LW, low water, HN,
high nutrient, LN, low nutrient. p-values are from significant effects from three-way ANOVA (Water, Nutrients, Species) with interactions. CACU, Casuarina
cunninghamiana; EUSI, Eucalyptus sideroxylon; EUTE, Eucalyptus tereticornis; PIRA, Pinus radiata.

TABLE 3 | Correlations between roots traits and decomposition rates per species.

CACU EUSI EUTE PIRA

r p r p r p r p

Root P −0.03 0.89 0.19 0.51 0.20 0.48 0.48 0.097

Root N −0.13 0.54 −0.16 0.46 0.50 0.02 0.44 0.058

Root C 0.20 0.36 0.09 0.70 −0.26 0.25 −0.48 0.037

Root C/N 0.19 0.36 0.21 0.33 −0.31 0.17 −0.50 0.031

Root C/P 0.09 0.70 −0.03 0.91 −0.09 0.75 −0.49 0.090

Root N/P −0.01 0.97 −0.08 0.78 −0.14 0.62 −0.33 0.271

Average diameter (mm) −0.16 0.47 −0.23 0.30 −0.06 0.78 −0.76 0.0002

SRL (cm/mg) −0.12 0.59 0.24 0.28 0.17 0.48 0.60 0.006

SSA (cm2 gr−1) −0.32 0.13 0.21 0.33 0.10 0.67 0.29 0.235

RTD (g cm−3) 0.21 0.02 0.11 0.62 0.01 0.98 0.23 0.353

Branching (# forks mg−1) −0.23 0.27 0.25 0.25 0.05 0.82 0.52 0.024

r: Pearson’s correlation coefficient; p: p-value. Significant relationships in bold, italics indicate marginal significance.
CACU, Casuarina cunninghamiana; PIRA, Pinus radiate; EUTE, Eucalyptus tereticornis; EUSI, Eucalyptus sideroxylon.

was impacted independently by nutrient and water availability.
Low nutrients (LN) reduced CO2 release across all species by
up 60% on average (Figure 5). The effect of water availability
was dependent on species as LW significantly increased CO2
release for CACU (p = 0.014) and PIRA (p = 0.034) but not
for EUSI or EUTE.

DISCUSSION

We investigated the impacts of drought on tree root traits
and biomass across different levels of nutrient availability,
the linkages of these impacts with their decomposability, and
the consequences for release of CO2 from decomposition.
While root biomass remained unchanged with drought, we
observed chemical and morphological responses. While each
species showed a unique set of responses, drought generally

reduced root diameter and increased N concentration. Responses
of root traits were linked to decomposability. For individual
species, morphological and nutrient responses were associated
with changes in decomposition. In contrast, across species,
drought effects on decomposability were most closely associated
with shifts in nutrient concentrations. Specifically, drought
increased early stage root decomposability in most species
and this response was associated with increases in nutrient
concentrations. When accounting for responses in root biomass,
for some species, shifts in root decomposability with drought
were sufficient to increase their potential net CO2 release back
to the atmosphere.

Drought had no strong impacts on root biomass, even though
it reduced total plant biomass (Dijkstra et al., 2016). Thus, while
this indicates drought increased the root to shoot ratio, as is
commonly found (Ledo et al., 2018), our results indicate that the
belowground responses to drought manifested in the chemistry
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FIGURE 4 | Principal component analysis on the responses to water
availability of root chemical and morphological traits and root decomposition.
Responses to water availability assessed as the ratio between the value of
each variable at LW (low water) and HW (high water). Data points correspond
to responses within each experimental shelter (replicates) for each species
and each nutrient condition (HN, high nutrients; LN, low nutrients). SRL,
specific root length; RTD, root tissue density; SSA, specific surface area;
Branching, number of forks/branching points; P, Phosphorus concentration;
N, Nitrogen concentration. Values in parentheses: percentage of variation
explained by each component. CACU, Casuarina cunninghamiana; EUSI,
Eucalyptus sideroxylon; EUTE, Eucalyptus tereticornis; PIRA, Pinus radiata.

and morphology of roots rather than in biomass. As expected,
the degree and direction of response were species dependent;
however, there were some general responses across species.
Drought increased N concentration and decreased C/N, which
agrees with the expectations by Brunner et al. (2015) for trees and
with observations for herbaceous species (de Vries et al., 2016).
Drought also reduced diameter overall, which is in agreement
with the observations by Olmo et al. (2014) for woody species,
and across growth forms (Zhang et al., 2019). This diameter
response was most marked for EUSI. EUSI is the eucalypt
expected to be most tolerant to drought and indeed showed the
smallest decline in total biomass (Dijkstra et al., 2016). EUSI
also responded strongly across other morphological parameters
suggesting that its high responsiveness in root morphology was
an effective strategy for drought tolerance. The expectation of
high tissue density was not met for EUSI, but it occurred strongly
in CACU and PIRA (as well as EUTE, HN) and is in agreement
with Olmo et al. (2014) for woody species. Thus, our findings
indicated some common responses across contrasting woody
species, although the particular suite of responsive traits were
unique to each species.

We hypothesized that enhanced nutrient availability would
reduce the response of root traits to drought. This would show
up as an interactive effect where the impact of drought would
be lower under high nutrient availability (HN). However, there
were no indications of high nutrient availability modifying the
impact of drought on root chemical traits. In the case of root

morphological traits, there was some, although limited evidence
of species dependent interactions where high nutrient availability
reduced or eliminated the effects of drought (CACU SRL and
SSA; EUTE SSA; and PIRA branching). The observation of
counteracting effects in three of the four species suggests that it
may be common for woody species, that morphological responses
to drought are reduced when nutrient supply is high. Our
study helps explain the variation in observed morphological
responses to drought in previous synthesis studies (e.g., Zhou
et al., 2018) and calls for analyses comparing responses across
or controlling for nutrient availability levels. The fact that only
some trait responses to drought were counteracted by high
nutrient supply, poses the question of whether it is possible to
identify patterns regarding drought-responding traits that are
driven primarily by lack of access to nutrients or, alternatively,
to water.

We found that drought (LW) increased root decomposability
in three of the four species. Increased decomposability with
drought is in agreement with the very few similar observations
available (Garcia-Palacios et al., 2016) and general hypothesis
by Brunner et al. (2015). We hypothesized that changes in
decomposability would be linked with the impacts of drought
on root morphology and chemistry, and thinner and longer
roots would decompose faster, but this could be counteracted by
potential decreases in nutrient content. For CACU, EUTE and
PIRA, the species whose decomposition was affected by drought,
some relationships were evident. For the drought tolerant PIRA,
we found strong support for the expectation that thinner and
longer roots would be associated with faster decomposition
(Roumet et al., 2016) with positive relationships with diameter
and SRL. In turn, increases in N concentration with drought
led to a positive relationship between decomposability and N in
EUTE and PIRA. Increases in decomposability with increased
root N content are consistent with other observations (Prieto
et al., 2016; Roumet et al., 2016). In contrast, for EUSI, the various
changes in root morphology with drought (decreased diameter,
increased SRL, SSA and branching) did not lead to changes in
decomposability as EUSI decomposed similarly with and without
drought. Our results thus indicate varying degrees of association
between root traits responses to drought and decomposability for
different species.

When we analyzed responses across species, we found
that morphological responses were not associated with root
decomposability. It was the responses of root chemistry that
were most closely linked to decomposition so that increased
decomposability co-occurred with increases in N and P content
(Figure 4 and Table 2), whereas in cases of small or no
shifts in nutrients, (EUSI) decomposability did not change.
Greater decomposability with higher N (Roumet et al., 2016;
See et al., 2019; Bonanomi et al., 2021; Jiang et al., 2021) and
P concentrations (Smith et al., 2014; See et al., 2019; Jiang
et al., 2021) have been observed. Our data suggest that drought
can cause changes in decomposability via changes in nutrient
chemistry so that for the species which respond to drought
with increases in nutrient content, this is likely to lead to
increases in root decomposability. Together, our observations
indicate that while for some species morphological responses can
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FIGURE 5 | Integrated impact of changes belowground on C release from root decomposition in response to water and nutrient availability treatments N. Values are
root decomposition per gram of root applied to the total root biomass per gram of soil. Water (W), Low/High water availability (HW, LW); Nutrients (N), Low/High
nutrient availability (LN, HN). Data points represent averages across shelters/replicates with standard error (n = 6). P-values are from significant effects from
three-way ANOVA (Water, Nutrients, Species) with interactions. CACU, Casuarina cunninghamiana; EUSI, Eucalyptus sideroxylon; EUTE, Eucalyptus tereticornis;
PIRA, Pinus radiata.

be related to changes in decomposition (PIRA, CACU), across
these contrasting woody species, shifts in nutrient concentration
are more important drivers of drought-induced shifts in root
decomposability than morphological changes.

The increase in root decomposability with drought observed
in most conditions suggests greater release of C per unit of
root biomass back to the atmosphere. However, a greater overall
net release of C would also depend on the impacts of drought
on root biomass and turnover. Although we did not quantify
direct effects on turnover (growth, death, decomposition in situ),
the measurements of biomass allowed us to test the hypothesis
that enhanced release of C as CO2 back to the atmosphere
with increased decomposability would be counteracted by
the reduction of root biomass with drought. We found that
the potential CO2 release, accounting for root biomass, was
greater under drought for CACU and PIRA. This was due to
these species showing the strongest increase in decomposability
combined with no reduction in root biomass with drought.
These results indicate that for those species the shifts in root
decomposability with drought due to changes in root traits
were sufficient to increase their potential CO2 release back to
the atmosphere. Changes in root decomposability could also
have additional consequences for C cycling, such as soil organic
matter formation as greater decomposability could impact the
amount of root-derived C that may ultimately become stabilized
in the soil. Increase in decomposability with drought is a specific
mechanism that should be considered when assessing the role

of roots in belowground C cycling and potential feedbacks
to climate change.

While studies of effects of drought on roots traits and separate
studies of root trait control of decomposition are available,
our study is unique in that it directly and empirically links
the environmental stress, the root response and the microbial
decomposition process within and across contrasting species.
We demonstrated that while for some species morphological
responses are related to changes in decomposition (PIRA,
CACU), across these contrasting woody species it is the changes
in tree root nutrient concentrations with drought that are
associated with shifts in their decomposability. When integrated
with changes in biomass, these changes in decomposability can
shift the potential contribution of roots to the C balance at
the ecosystem scale and, with other factors being equal, may
contribute to more C release and thus a positive feedback to
climate change. By isolating root traits, decomposability and
biomass, our findings help disentangle the multiple factors
involved in root contribution to C balances at the ecosystem level.
Our observations were of responses of young trees (ca. 2 years)
and of early stages of root decomposition of their roots. It is yet
to be assessed whether shifts in decomposability are sustained
in later stages, but our results indicate such investigation is
warranted. Our findings enhance our empirical understanding
of belowground plant trait responses to drought and how they
might influence feedbacks to climate via C cycling in soil.
So far, this has been mainly explored in aboveground traits
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(Anderegg et al., 2019), but we critically need this information for
inclusion of roots in Earth system models (Warren et al., 2015).
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