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Abstract
Background and aims In Australia’s Mediterranean
hyperdiverse vegetation, species that produce cluster
roots to mobilise poorly-available nutrients (e.g.
Banksia spp.) are an important functional and structural
component. Cluster roots are only active during the wet
season, indicating a strong dependence on suitable sur-
face soil moisture conditions. Winter rainfall in this
region is declining due to global climate change, with
a delayed commencement of rains and a decline in
precipitation. It is unknown how lower soil moisture
levels will affect the root dynamics of these globally-
significant plant communities.

Methods We determined the root dynamics and root
lifespan with minirhizotrons with or without irrigation
to simulate reduced rainfall scenarios.
Results We found a major effect of irrigation on the
early production (0.24 m m−2 d−1 increase), occurrence
(97% increase) of cluster roots and only slight effects on
lifespan (~10 days less) of all root types.With irrigation,
the resultant greater soil moisture levels increased the
deployment of cluster roots. Apart from cluster roots,
the dynamics of other roots did not decline at lower soil
moisture levels, suggesting that this system shows some
resilience to decreased rainfall.
Conclusions Future research should focus on assessing
if climate-altered cluster-root activity may be promoting
compositional shifts in plant communities with addi-
tional restraining effects on root trait diversity.

Keywords Banksia attenuata . Cluster-root emergence .

Mediterranean climate change .Minirhizotron . Root
lifespan and longevity . Soil moisture

Introduction

The southwest of Australia has a Mediterranean climate
and hosts a globally-recognised biodiversity hotspot
(Myers et al. 2000) with many plant species relying on
diverse nutrient-acquisition strategies to gather nutrients
from soils that are extremely infertile and with poor
water-holding capacity (Lambers et al. 2014). Some of
the most prominent plant species in these hyperdiverse
plant communities produce cluster roots (e.g., Banksia
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species), a very efficient strategy to gather phosphorus
(P) from soils with very low P availability (Lambers
et al. 2015). The production of cluster roots is greatly
stimulated by elevated surface soil moisture levels
(Lamont 2003). Therefore, the ‘Achilles heel’ of this
strategy appears to be a minimum-threshold change in
soil moisture level that signals the plant to produce
cluster roots to enhance P uptake from soil (Lamont
1976, 2003). However, fundamental effects of declining
soil moisture levels on the general dynamics and
lifespan of these cluster roots remains poorly explored
in field studies in situ.

Mediterranean ecosystems in general, and partic-
ularly in southwest Australia, are experiencing dry-
ing climates due to climate change (Indian Ocean
Climate Initiative 2012; Diffenbaugh and Field
2013). These ecosystems may be among the most
significantly affected by climate change due to their
dependence on reliable winter-rainfall (Indian Ocean
Climate Initiative 2012). Decreasing winter rains
and delays in the onset of precipitation, is expected
to not only affect the root dynamics and lifespan of
most plants growing in these ecosystems, but partic-
ularly the plants that rely on cluster roots to acquire
poorly-mobile nutrients such as P. Fine-root produc-
tion is adequately explained by factors such as pre-
cipitation at a global scale (Finér et al. 2011); yet
there are very few studies focused on root ecology
in biodiverse Mediterranean ecosystems with no
studies on root dynamics to reliably draw conclu-
sions on the effect of decreasing soil moisture on
root activity and subsequent plant ecological
responses.

In the context of global climate change, there is a
fundamental need for root ecology data from field stud-
ies in Mediterranean ecosystems experiencing drying
trends. Such data will underpin our understanding of
the ecological implications of lower soil moisture levels
on cluster-root dynamics in particular, but also on root
dynamics and ecosystem function in general (Finér et al.
2011). Once these fundamental root ecological studies
have been conducted, we can begin to answer questions
concerning cluster-root functioning and their role as key
P-mining structures in P-impoverished soil under a dry-
ing climate, or will their lifespan be shortened and
further reduce P availability in these Mediterranean
ecosystems? Pulse-growth in roots has been observed
in response to precipitation bursts in various ecosystems
such as temperate forests, steppes and deserts (Huang

and Nobel 1992; Johnson et al. 2006; Phillips et al.
2006; Bai et al. 2010), yet it is unknown if
Mediterranean systems will respond similarly.

Primary productivity in biodiverse Mediterranean
plant communities is generally P-limited (Laliberté
et al. 2012). Therefore, if cluster-rooted plants, having
a very efficient ‘P-mining’ strategy in this ecosystem
(Lambers et al. 2006), are affected by lower soil mois-
ture levels, then there may be species compositional
shifts. Up to sixty years of vegetation surveys in rem-
nant Banksia woodlands (e.g., Kings Park and Bold
Park, Perth, WA, Australia) show that, indeed, compo-
sitional shifts in plant communities are occurring (Crosti
et al. 2007; Fisher et al. 2009). Furthermore, recent
studies indicate that these P-mining plants can facilitate
the uptake of growth-limiting nutrients for coexisting
plant species (Muler et al. 2014; Teste et al. 2014). Thus,
if patterns of cluster-root formation are modified under a
drying climate, then, ultimately, coexisting plant species
that rely on some level of facilitated nutrient uptake may
also be affected.

To gain a better understanding of root dynamics in a
drying climate, we set up a field experiment with and
without irrigation in a diverse eucalypt-banksia wood-
land in southwest Australia. We used Banksia attenuata
as our focal tree that produces large compound cluster
roots (Shane and Lambers 2005; Denton et al. 2007).
We then monitored root dynamics of all roots near the
B. attenuata trees with minirhizotron tubes and cameras
before and after the start of the rainy winter months. The
aims of the study were to determine: i) are root dynamics
(standing crop, mortality, and production) increased by
greater soil moisture conditions?; ii) what is the lifespan
of the major identifiable root types (cluster roots, woody
roots, and herbaceous roots) in a diverse eucalypt-
banksia woodland, and does a decrease in soil moisture
content reduce lifespan?; and iii) are cluster roots com-
paratively more frequent when soil moisture levels are
greater? We also examined the lifespan of rootlets
emerging from cluster-rooted plants in situ under field
conditions to inform our future work on nutrient
mobilisation-based facilitation (sensu Wright et al.
(2017); Lambers et al. submitted; Teste et al. unpub-
lished data). This is the first in situ study of cluster roots
and other root types in a Banksia woodland, where the
implications of varying soil moisture levels on their
dynamics were investigated. Cluster-rooted plants are
a prominent group with keystone functions, so reduc-
tions in arrival time and total amount of adequate soil
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moisture levels (due to climate change) may delay and
reduce the formation and activity of cluster roots which
may then alter the cycling of phosphorus and potentially
shift plant community compositions.

Materials and methods

Study site

Research plots were established at The University of
Western Australia’s (UWA) Shenton Park Field Station
(31.96°S, 115.79°E) (Fig. 1). The field station hosts a
high qual i ty remnant eucalypt - (Eucalyptus
gomphocephala) banksia woodland, dominated by
Banksia attenuata, Banksia menziesii, Eucalyptus
marg ina ta , A l locasuar ina f raser iana , and
Xanthorrhoea preissii. The UWA field station is located
in the kwongan vegetation type on the Swan Coastal
Plain within the Southwest Australian Floristic Region
(sensu Hopper and Gioia 2004), and is part of the
Spearwood coastal dune system (McArthur and
Bettenay 1974; Wyrwoll et al. 2014). Soils are
characterised by deep well-drained, nutrient-poor sand
deposited more than 120,000 years ago as dunes along
the Indian Ocean. The climate is Mediterranean with a
mean annual temperature of 19.2 °C (mean
minimum = 13.8 °C; mean maximum = 24.6 °C) and

rainfall of 702 mm (Australia’s Bureau of Meteorology;
http://www.bom.gov.au/climate/data/; 1967 to 2011).

Experimental design

In May 2011, 40 minirhizotron clear tubes (Bartz
Technology Corp., Carpinteria, CA, USA, internal di-
ameter = 5.08 cm) were installed at 30° and 60° angles,
to an effective depth of 50 cm at 1 m and 2.5 m from the
basal stem of ten Banksia attenuata focal trees (i.e. on
10 plots). The top 10 cm of the tubes were painted over
twice with black and white paint to eliminate light
interference. The tubes were also insulated with a roll
of 15 cm long foam under the top cap to minimise the
influence of external air temperature. All tubes were
capped at both ends. All tubes were randomly assigned
a cardinal direction around the focal tree. Installed tubes
were left to stabilise for 11 months prior to capturing the
first images with a custom-built minirhizotron camera
that gave us high resolution images of the minirhizotron
tubes for these initial measurements. Due to technical
difficulties we then switched to capturing images with
the BTC2 Minirhizotron Video Microscope (Bartz
Technology Corp., Carpinteria, CA, USA) for the re-
mainder of the study. The field of view for the BTC2
camera is 1.35 cm vertical by 1.8 cm horizontal and it
has a 15× magnification. In June 2011, plots were
sprayed with a grass-selective herbicide (fluazifop-p

Fig. 1 Location of the research
plots (white triangle) where this
study on root dynamics using
minirhizotron tubes took place.
Also shown is a photo of the
irrigation treatment in action on
Plot 6 with a Banksia attenuata
focal tree in the center with white-
capped minirhizotron tubes all
around. Plots were situated in
remnant eucalypt-(Eucalyptus
gomphocephala) banksia wood-
land of the UWA Shenton Park
Field Station (31°56′ S, 115°47′
E) that is part of the Swan Coastal
Plain ecoregion, Western
Australia
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butyl, Fusilade®, Syngenta AG, Basel, Switzerland)
according to the manufacturer’s instructions to control
the invasive South African grass Ehrharta calycina
(veld grass).

Irrigation treatment

In April 2012, circular sprinkler systems were installed
at the base of each focal tree in five randomly selected
plots (Fig. 1). Water was sprayed evenly to a distance of
4 m and thus wetted the areas monitored by
minirhizotron tubes. We started the irrigation treatment
a month before the winter rains started and produced a
25% increase in monthly winter water inputs (from
April to October) based on 45 years of rainfall data
(1967 to 2011) from a nearby weather station (Subiaco
treatment plant, Station # 009151, Lat: 31.96°S, Long:
115.79°E; Bureau of Meteorology, http://www.bom.
gov.au/climate/averages/). We irrigated the plots every
month and by October we had added a total of 148 mm
of supplementary water to each plot.

Image capture and analysis

Roots in the minirhizotron tubes were first imaged on
April 4, 2012 with the custom-built minirhizotron cam-
era until the end of May 2012 and then with the BTC2
camera until the end of the study on 5 October, 2012
(Fig. S1). We simultaneously monitored soil moisture
with a Diviner 2000 electro-magnetic soil moisture
probe (Sentek Pty Ltd., Stepney, SA, Australia) at five
depths (0, 10, 20, 30, 40, and 50 cm) along an additional
two white PVC tubes per plot that were installed verti-
cally (i.e. at 90° to the soil surface). Following the
manufacturer’s instructions, we calibrated the probe’s
output with soil samples from the experimental plots to
generate volumetric soil moisture content (%) values.
Thereafter, we monitored root dynamics and soil mois-
ture on a weekly basis when possible. Root growth near
the soil surface around minirhizotron tubes is typically
hindered (Smit et al. 2000); thus we imaged from a
starting depth of ~2.9 cm from the soil surface.

We used Rootfly v. 2.0.2, an open-sourced software
application, to analyse the minirhizotron images (Zeng
et al. 2010). Rootfly allowed us to measure the number
of roots, root length, the type of root (cluster, woody or
herbaceous roots based on structure and colour; Fig. S9-
S10), and the birth and death rates of roots through time
at various soil depths. Whether woody roots originated

fromwoody plant species was not explicitly determined,
since there are perennial herbaceous plant species that
also produce woody roots in this system (Dodd et al.
1984). Each root was annotated and its length traced
with a computer mouse. We did not trace the width of
the roots (i.e. root diameter) as we found it too inaccu-
rate using images captured with the BTC2 camera,
particularly for the fine roots. Furthermore, since root
diameter was not traced and we only distinguished the
root types based on structure and colour, we did not
attempt to distinguish differences among the woody
root types beyond this general framework. For clus-
ter roots, we drew one plane of the cluster, since in
Banksia attenuata cluster roots form fan-like sym-
metrical structures referred to as ‘compound type’,
which embodies a main axis and fine rootlets (Shane
and Lambers 2005). In this study the minirhizotron
approach was used to give an estimate of root pro-
duction and survival over time in a non-destructive
manner. For further details about cluster root struc-
ture we refer to previous studies (Shane and
Lambers 2005; Lambers et al. 2014).

Vegetation surveys

Between 2012 and 2013, we identified all plant species
and their abundances on each plot within a 4 m radius
from the base of the focal tree (Table S2). Vegetation
analyses after plot selection were used to determine how
similar the irrigated and non-irrigated plots were to each
other and if any major confounding factors appeared to
exist. We did not find any significant differences in key
plant community characteristics between irrigated and
non-irrigated plots (Fig. S2) or any major shifts in the
relative abundance of nutrient-acquisition strategies
(Fig. S3).

Data analysis

Analysis of minirhizotron images provided measure-
ments of number of roots, root length (per unit frame
area m m−2), root type (herbaceous, woody, cluster root,
or rootlet) at repeatable locations through soil depth and
time. For every image, we calculated standing crop as
the measure of the length of all live roots. Root produc-
tion over the 181 days of imaging was calculated as the
length of newly appeared roots plus root extensions of
existing roots. Root mortality was calculated as the
length of non-recurring roots plus the length of roots
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that appeared dead based on visual cues such as diam-
eter decrease and/or dark brown colouration.

To determine differences in standing crop, root
production, and root mortality between sampling
months, we performed a repeated measures analysis
of variance (ANOVA) with linear mixed effects
models. Mean values per month were used regard-
less of the number of weekly observations per
month. We then used Tukey HSD tests to compare
means to determine if there were any specific dif-
ferences between two sampling months. We used a
proportional-hazards regression model also known
as Cox regression or Cox proportional hazard mod-
el (Therneau and Grambsch 2000) to analyse the
survival of roots with the irrigation treatment and
according to root type and rooting depth. When the
global test for the model was significant, we further
tested if there was a difference between two or
more survival curves using the G-rho family of
tests, with the log-rank and with the Peto & Peto
modi f ica t ion of the Gehan-Wilcoxon tes t
(Harrington and Fleming 1982). We did not find
any significant differences between the two instal-
lation angles of the minirhizotron tubes thus data
were pooled. All graphing and statistical analyses
were conducted in R (R Core Team 2016) with the
‘survival’ and ‘ggplot2’ packages (Wickham 2009;
Therneau 2014).

Results

Rainfall and soil moisture

The recent (1975 to 2012) rainfall trend shows a
tendency for less overall rainfall and later arrival of
winter rainfall (Fig. S4). The rainfall in 2012 was
below historical averages and was marked by two
large rain events, one in late April and the other in
early September, and a dry spell during mid-May and
early June, followed by below-average rainfall during
the traditionally wet winter months (May to August,
Fig. 2). The irrigation treatment produced a total of
148 mm of supplementary water, which represents a
25% greater amount of water (i.e. rainfall) over month-
ly recorded averages (between 1967 and 2011) but was
actually 23.1% greater than the recorded 2012 rainfall,
the year of this study. As a result, the irrigation treat-
ment produced an overall mean of 91 mm of water

input per month during the imaging months (April to
October) comparable to the 97 mm based on long-term
average (pre-1975 as in Fig. 2), whereas the non-
irrigated plots received an overall mean of 73 mm of
rainfall per month. As expected, the irrigation treat-
ment considerably increased soil moisture content of
the experimental plots (Fig. 2, Fig. S5). Soil moisture
levels in the upper 10 cm (14.6%) were lower than
those between 11 and 50 cm (15.0%) (Fig. S5).

Fig. 2 a) Precipitation (i.e. rainfall) and b) soil moisture (depth = 0
to 50 cm) during the 2012 measurement period in a eucalypt-
banksia woodland at the Shenton Park Field Station. Daily rainfall
values were obtained from the nearest weather station. Soil moisture
content as measured with a Diviner 2000 probe and calibrated with
volumetric soil moisture content (%). Soil moisture values are
means with 95% confidence intervals. Irrigated plots received on
average 25% more water per month based on monthly rainfall
averages between 1967 and 2011 rainfall data gathered from the
Subiaco treatment plant, Station #9151. For differences in soil
moisture between soil depths please see Fig. S5
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Root lifespan and predicted survival

Survivorship of woody roots was greater than that of all
other root types (Fig. 3). Furthermore, all other root
types had greater survivorship than rootlets from cluster
roots (Fig. 3). Indeed, cluster rootlets had an overall
mean lifespan of only 23 days (Fig. 3) and mean depth
of occurrence was 12 cm. The main axes of cluster roots
sometimes survived after the emergence of the rootlets,
and we estimated an overall mean lifespan of 30 days
when this feature was taken into account. We did not
find a significant relationship between cluster-rootlet
lifespan and depth; however, we found a higher fre-
quency of occurrence of cluster-root emergence below
10 cm (10 counts compared with 2 for the 3 to 10 cm
depth; χ2 = 5.33, P-value = 0.021). However, survi-
vorship of cluster roots appeared slightly greater above
10 cm (Fig. S6).

Root survival of all root types, taken together, was
considerably longer and sustained lower in the soil
profile compared with that of roots forming near the

surface (Fig. 4). This effect was particularly strong for
woody roots as ~80% of the surviving woody roots were
found in the lower 21 to 40 cm (Fig. 4). Non-woody
roots showed more variation and the survival appeared
mostly invariant with depth (Fig. 4). Overall, irrigation
affected the survival of non-woody roots, but only after
100 days (Fig. 5). Frequency analysis showed that irri-
gation promoted a greater occurrence of cluster roots
compared with that in non-irrigated plots (Irrigation = 64
cluster roots; non-irrigated = 2 cluster roots; χ2 = 58.2,
P-value <0.001); however, the low number of cluster
roots in the non-irrigated plots did not allow an analysis
of the survival rate and lifespan in that treatment.

Fig. 3 Survivorship of the general root types (cluster axes, her-
baceous, cluster rootlets, and woody) produced from April to
October, 2012 across all plots (with or without irrigation) in a
eucalypt-banksia woodland. Grey shaded areas represent 95%
confidence limits. Survivorship of cluster roots (i.e. Root
Type = Cluster axes) includes the main root axis and rootlets; on
many occasions the rootlets died, yet the main axis of the cluster
root appeared alive; therefore, we also show the survivorship of
rootlets on their own (i.e. Root Type = Cluster rootlet). Survival
curves with non-overlapping 95% confidence limits were consid-
ered significantly different but also see Table S1 for specific tests

Fig. 4 Survivorship of a) all root types, the b) woody, and c) non-
woody roots with soil depth produced fromApril to October, 2012
across all plots (with or without irrigation) in a eucalypt-banksia
woodland. Grey shaded areas represent 95% confidence limits.
Survival curves with non-overlapping 95% confidence limits were
considered significantly different but also see Table S1 for specific
tests
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Root responses to soil moisture, irrigation, and soil
depth

There was no significant relationship between soil mois-
ture and root production, or proportion of surviving
roots (Fig. S7). However, root lifespan was affected by
irrigation and soil depth additively (Fig. 6), where irri-
gated plots had lower lifespans than non-irrigated plots
(Fig. 6a) and the upper 10 cm had lower lifespans than
the 11–50 cm depth range for the woody roots (Fig. 6b).
Furthermore, the proportion of surviving roots was low-
er in the upper 10 cm than in the 11–50 cm depth range
for all roots (Fig. 6c) and woody roots Fig. 6d).

Root dynamics

The root production rate throughout the experimen-
tal period had marked peaks and lows early in the
rainy winter months (Fig. S8). Root mortality rate
increased gradually throughout the sampling period,
whereas root production was more variable (Fig.
S8). Standing crop was initially very low in the
‘no irrigation’ treatment, but from June onwards
was considerably greater than that in the irrigated
treatment (Fig. S8; Table 1). From June to October,

standing crop gradually increased; in early October,
mortality significantly increased suddenly (Table 1;
Fig. S8). Differences in root production and

Fig. 5 Survivorship of the non-woody roots produced from April
to October, 2012 with or without irrigation in a eucalypt-banksia
woodland. Grey shaded areas represent 95% confidence limits.
Survival curves with non-overlapping 95% confidence limits were
considered significantly different but also see Table S1 for specific
tests

Fig. 6 Root lifespan of a) all root types for the two irrigation
treatments, lifespan of b) woody roots for the two soil depth
ranges; root survival of c) all root types, and of d) woody roots
for the two soil depth ranges during the 2012 measurement period
in a eucalypt-banksia woodland at the Shenton Park Field Station.
Values are means with 95% confidence intervals and asterisks (*)
identify statistically significantly different means following a Stu-
dent’s t-Test. Irrigated plots received on average 25% more water
per month based on monthly rainfall averages between 1967 and
2011 rainfall data gathered from the Subiaco treatment plant,
Station #9151
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standing crop between irrigation treatments within
specific months were found, although these were a
result of significant interactions between ‘time’ ef-
fects and the irrigation treatment (Table 1). In par-
ticular, greater root production with irrigation oc-
curred in April (Table 2).

Discussion

Root dynamics showed some resilience to changes in
arrival and total rainfall during the winter months in this
Mediterranean woodland. Lower soil moisture did have
some notable yet specific effects; decreased root pro-
duction in April, increased lifespan of non-woody roots,
and lower frequency of occurrence of cluster roots was
found.

Cluster-root emergence and soil moisture

Cluster roots and their fine rootlets occurred almost
exclusively under the irrigation treatment (i.e. great-
er soil moisture availability). The overall increase in
soil moisture levels from 13.4 to 16.2% resulting
from the increased amount of water received by
the irrigated plots (23.1% more compared with the
non-irrigated plots), or the greater frequency of soil
wetting, appeared to have promoted the production
of a considerably greater number of cluster roots.
These findings partly support previous field obser-
vations on cluster-root emergence and rainfall events
(Lamont 2003), suggesting a minimum soil moisture
threshold is required for deployment of cluster roots.
However, our results may also indicate that an in-
crease in soil moisture, regardless of a minimum
threshold, can trigger cluster-root formation. More

importantly, the lower frequency of cluster roots in
relatively drier soils suggest that potentially less P
may be mobilised and cycled in this system if rain-
fall continues to decline due to climate change. This
ecosystem is not limited by light, and thus when
adequate water levels (i.e. above a minimum soil
moisture threshold) are present in soil, resource al-
location to cluster roots occurs as a ‘pulse’
maximising P acquisition. This information is
known (Lamont 1982; Lamont 2003); however, we
show this, for the first time, with more precise in
situ observations of individual cluster roots in mixed
species-rich plant communities.

Root lifespan and soil moisture

Root lifespan (all types) was slightly lowered by irriga-
tion (i.e. greater soil moisture) and this effect was more
evident with non-woody roots, particularly towards the
end of the winter months. There are insufficient data to
discuss mechanisms behind these trends; however, there
are likely key factors such as temperature, rainfall, soil
nutrient availability, seasonality, and phenological fea-
tures that control root lifespan in this system. .

Root lifespan within major plant groups and in response
to soil depth

Cluster roots had shorter lifespans than the other root
types, at slightly lower levels to what has been observed
for other non-mycorrhizal woody roots (Vogt and
Bloomfield 1996; Eissenstat et al. 2000; Chen and
Brassard 2013). It is expected that cluster roots would
die after soil resources have been depleted thus
maximising nutrient-uptake efficiency by only
supporting roots that have functional importance

Table 1 Summary of repeated measures analysis of variance for
the standing crop (total length of all live roots), root production
(length of newly appeared roots plus root extensions of existing
roots), and root mortality (the length of non-recurring roots plus

the length of roots that appeared dead). Linearmixed effect models
with adjustments to the residual correlation structure were used
(Zuur et al. 2009). Statistically significant P-values are given in
bold

Standing crop Mortality Production

dfN dfD F P dfN dfD F P F P

Irrigation 1 8 0.11 0.741 1 8 0.01 0.914 2.87 0.128

Time* 6 163 3.51 0.003 5 122 5.02 <0.001 12.68 <0.001

Irrigation x Time 6 163 3.63 0.002 5 122 1.15 0.316 3.38 0.006

*Time was included as an average of each sampling month
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(Shane and Lambers 2005). This, in part, explains why
the rootlets from cluster roots had very short lifespan
(23 days on average). We found that the lifespan of roots
in general was longer lower in the soil profile, indicating
that cluster roots live longer at greater depth. However,
in deeper soil layers there are less soil-based resources
(Jobbágy and Jackson 2001; Laliberté et al. 2012);
therefore, resource investment in this strategy at lower
depths is less efficient under adequate rainfall. We could
not draw any general conclusion, since we did not
observe enough cluster roots emerging in the non-
irrigated plots to run more than simple frequency anal-
ysis. Thus, we suggest future research to include more
replication and/or perhaps include more than one year of
imaging.

We found predictable differences in root lifespan over
the winter months for the four identifiable root types.
Cluster rootlets had short lifespans, 23 days on average,
confirming previous observations from hydroponic stud-
ies (Shane et al. 2004; Shane and Lambers 2005).Woody
roots, on the other hand, had the greatest longevities
compared with all other root types. We could not deter-
mine median lifespan (number of days to reach 50%
mortality) for woody roots, since we did not image long
enough, but lifespan was similar to what has been record-
ed for tree roots in temperate forests (Fahey and Hughes
1994; Burton et al. 2000). This result suggests that
woody-rooted plants in this Mediterranean-climate sys-
tem maintain their roots as long as possible given the
relatively low carbon costs to maintain activity (Janssens
et al. 2002). Overall, in all root types, lifespan increased
with soil depth, a particularly common feature in
Mediterranean and other semi-arid ecosystems with long
periods without rainfall (Wu et al. 2013), but also ob-
served in other ecosystems (Chen and Brassard 2013).
Woody roots also showed the strongest pattern of greater
lifespan in deeper soil compared with that in surface soil.
This could also result from the fact that woody roots
tended to have larger diameters, a root trait that correlates
positively with root lifespan (Hendrick and Pregitzer
1996; Steinaker and Wilson 2005; Wu et al. 2013).

Root dynamics and a declining rainfall regime

Root dynamics (standing crop, mortality, and production)
were mostly unresponsive to an increase in soil moisture
levels (irrigated plots) over the winter months. Overall,
mean root production and the proportion of surviving
roots were also invariant to soil moisture levels. TheseT
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findings suggest that the system has some belowground
resilience to reduced rainfall. In April, however, we found
a considerable decrease in root production in the non-
irrigated plots (ambient rainfall), which may support the
concept that later arrival of rainfall, as predicted by cli-
mate models, may ultimately lower root production in
this ecosystem due to a reduction in the length of the
growing season. However, this concept was not fully
supported in our system since there was one large rain
event in late April. Nevertheless, root production adjusted
in the non-irrigated plots to levels comparable to irrigated
plots later in the season. Although recent drought events
have reduced health and growth of trees inMediterranean
ecosystems (Sarris et al. 2007; Carnicer et al. 2011; Poot
and Veneklaas 2012), the forest structure remained large-
ly intact, suggesting there is ‘climate pre-adaptation’ or
resilience in these ecosystems (Lloret et al. 2012), or a
critical soil moisture threshold was not reached.

Root dynamics in arid or semi-arid environments
typically shows more variable effects of soil moisture
compared with that in more mesic environments
(Hendrick and Pregitzer 1997; Gill and Jackson 2000;
Tierney et al. 2003). The plants’ preferential reliance on
surface- vs. deep-water sources may be an important
factor affecting root dynamics under shifts in rainfall
regime. More arid ecosystems tend to be highly sensi-
tive to increased rainfall; for example, in arid grasslands,
highly-sensitive responses to increases in rainfall have
been observed, where aboveground net primary produc-
tivity increased considerably after a rainfall treatment of
30% above historical averages (Thomey et al. 2011).
Altered aboveground responses to shifts in rainfall are
more consistently observed (Hamerlynck et al. 2000;
Schwinning et al. 2005) than what has been recorded
with roots (Bai et al. 2010; Verburg et al. 2013; Padilla
et al. 2015). Furthermore, there are many examples that
show that even if aboveground responses to altered
environmental conditions are seen, roots may not be
affected (Nowak et al. 2004; Phillips et al. 2006). As
such, our study suggests that root responses are possibly
decoupled from the plant’s aboveground responses to
changing environmental conditions (Weemstra et al.
2016). This may, in part, be due to the multiple
interacting factors and complexity driving root produc-
tion under scenarios of climate change such as temper-
ature and precipitation that have interactive effects (Bai
et al. 2010) and/or since there are many aboveground
plant responses (e.g., photosynthesis, carbon allocation
to roots) also affecting root growth.

Root abundance (i.e. root standing crop) remained
greater without irrigation (i.e. ambient rainfall levels)
compared with that in the irrigated plots, as observed in
other ecosystems (Joslin and Wolfe 1998; Verburg et al.
2013). Also in line with our results is the enhanced root
density found in conjunction with a 30% reduction of
rainfall in an arid shrubland (Padilla et al. 2015). Such
counterintuitive responses to lower rainfall appear to be
the result of an adaptive strategy to overcome the neg-
ative effects of lower water availabilities (Metcalfe et al.
2008). To achieve this, plants may increase their alloca-
tion of resources to roots in response to lower water
availabilities. Nevertheless, there are good examples of
plants responding to reduced rainfall in other ecosys-
tems by decreasing root production (Majdi and
Andersson 2005; Fiala et al. 2009; Bai et al. 2010;
Meier and Leuschner 2010). Our results and those of
others clearly show that root responses are complex and
not easily predicted.

Concluding remarks

Root dynamics in thisMediterranean ecosystem showed
some level of resilience to changes in arrival of and total
water inputs (irrigation and rainfall) during the winter
months. The effects of irrigation, root type, and soil
depth on root dynamics were largely as expected.
Cluster roots were affected by soil moisture levels, and
they showed much greater frequency of occurrence in
the irrigated plots. Since plants that produce cluster roots
are prominent in this diverse Mediterranean ecosystem,
we propose that plant species compositional shifts may
continue to occur (Crosti et al. 2007; Fisher et al. 2009)
due to a drying climate, if: i) cluster-rooted plants be-
come less efficient in mining soil P due to narrower
‘windows’ of favorable soil moisture conditions, and
ii) if P and micronutrient uptake of coexisting plants is
indeed facilitated by the root activity of cluster-rooted
plants. Future research should address both possibilities;
we are currently addressing the second possibility by
better understanding the interactions between cluster-
root emergence and other intermingling roots.
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