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Abstract The higher growth rates of resprouting

shoots compared with those of mature plants in

resprouter woody species are supported by higher

rates of photosynthesis and transpiration. In this

contribution we hypothesize that species with higher

resprouting vigour will show a larger enhancement of

photosynthesis in resprouting shoots. We test this

hypothesis by comparing gas exchange and leaf

parameters between resprouting and mature plants in

Erica scoparia and E. australis. These two Erica

species co-occur in Mediterranean heathlands of the

Strait of Gibraltar. Erica scoparia has a higher rate of

post-disturbance starch recovery than E. australis,

which makes it more resistant to recurrent distur-

bance. We tested the hypothesis that enhancement of

photosynthesis and water use characteristics of res-

prouting shoots compared with mature plants should

be more pronounced in E. scoparia. In both species,

resprouts had higher efficiency in the use of light and

higher maximum net photosynthesis than mature

shoots. However, contrary to expectations, differ-

ences in the photosynthetic performance between

resprouts and mature plant shoots were larger in

E. australis. Higher root to shoot ratios in resprouting

E. australis plants, determined by their slower above-

ground recovery, together with stronger demand from

carbon sinks might explain this result.

Keywords Carbon sinks � Gas exchange �
Leaf water content � Mediterranean heathlands �
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Introduction

Vegetation dynamics in Mediterranean-type ecosys-

tems are largely driven by the recurrence of severe

disturbance events (e.g. fire). Resprouting is a com-

mon response amongst Mediterranean woody plants

to survive top-kill—the complete removal of photo-

synthetic parts after severe disturbance (Keeley 1986;

Bond and Midgley 2001). Resprouts in top-killed

woody plants are produced from a bank of protected

meristems whose growth is fuelled by non-structural

carbohydrate reserves (mainly starch) stored in the

xylem tissue of below-ground organs (Bell and Pate

1996; Kozlowski 1992; Paula and Ojeda 2009).

It has long been established that, in general, the

vegetative growth rates of resprouting shoots are

faster than those of mature plants in resprouter woody

species. The first growth flush of resprouting shoots

is boosted by mobilized carbohydrate reserves
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(DeSouza et al. 1986; Bowen and Pate 1993; Canadell

and López-Soria 1998). After that, the carbon demand

to sustain vegetative regrowth is supplied by higher

rates of photosynthesis and transpiration compared

with mature plants (Castell et al. 1994; Wildy et al.

2004). Such enhanced photosynthetic activity of

resprouts has been ascribed to an improvement in

soil-to-leaf water supply, determined by a temporarily

increased root:shoot ratio (Kruger and Reich 1993;

Castell et al. 1994; Fleck et al. 1998; Utsumi et al.

2010). However, enhanced photosynthetic activity

could also be considered a natural property of

resprouting shoots, since they temporarily revert to a

pre-reproductive state (Iwasa and Kubo 1997) and

levels of photosynthesis and stomatal conductance in

woody plants are generally higher in juvenile stages

(Bond 2000; Thomas and Winner 2002; Niinemets

2010). These two complementary explanations argue

for the enhanced photosynthesis and water relations of

resprouting shoots.

In addition to boosting shoot growth and support-

ing maintenance respiration costs, a substantial

fraction of the carbon photosynthesized by the

resprouting shoots is allocated to refill carbohydrate

(starch) reserves (Iwasa and Kubo 1997; Noble 2001;

Wildy and Pate 2002). Recovery of starch reserves is

critical because resprouter woody plants mobilize and

use almost all their stored starch reserves to boost

post-disturbance regrowth (Paula and Ojeda 2009).

Without replenished starch reserves a subsequent

disturbance event might compromise their resprout-

ing capacity and, hence, their survival (Zedler et al.

1983; Bell and Pate 1996; Canadell and López-Soria

1998). Thus, there is reason to believe that selection

might have favoured higher rates of photosynthesis in

resprouting shoots, which is correspondingly associ-

ated with less conservative water use to retain

resprouting capacity across successive disturbance

events. In fact, carbohydrate levels are known to

exert control on gene regulation and are implicated in

changes in resource allocation patterns amongst

different plant parts (Koch 1996).

Erica scoparia L. and E. australis L. (Ericaceae)

are two heath species that co-occur in Mediterranean

heathlands of the Strait of Gibraltar region (Ojeda

et al. 2000). Both species resprout after the complete

removal of their above-ground biomass, mobilising

virtually all their root starch reserves to boost the first

resprouting flush (Paula and Ojeda 2009). In a recent

study, Paula and Ojeda (2011, this issue) found

marked differences between these two species in the

recovery rates of below-ground (root) starch reserves

after post-disturbance regrowth. Resprouting E.

scoparia plants reached pre-disturbance starch levels

significantly faster than those of E. australis, which

made E. scoparia more resistant to recurrent distur-

bance. A more marked enhancement of photosyn-

thetic activity and water relations in resprouts of E.

scoparia compared with mature plants, or a less

marked enhancement in E. australis resprouts, might

account for the abovementioned slower recovery rate

of starch reserves in E. australis.

In this study, we address the question posed above

by testing the hypothesis that, when compared with

mature plants, the enhancement in photosynthetic

performance and water use of resprouting shoots

should be more pronounced in species with a higher

rate of post-disturbance starch recovery. We compare

gas exchange parameters and leaf characteristics

between resprouting and mature (undisturbed) plants

in E. scoparia and E. australis, species that differ

significantly in the post-resprouting recovery rate of

starch reserves (Paula and Ojeda, 2011, this issue).

This study adds to our understanding of the marked

differences in resistance to recurrent disturbance

between these two otherwise ecologically and taxo-

nomically close resprouter heath species (Paula and

Ojeda 2006, 2011; this issue).

Methods

Study site and experimental design

The study was conducted at the Monte Murta

Forestry Station, (3681903500N; 583302500W), within

Los Alcornocales Natural Park, on the northern side

of the Strait of Gibraltar, Spain (Fig. 1). For a

description of the environment of this region, see

Ojeda et al. (2000). Altitude in Monte Murta ranges

from 350 to 450 m asl. Climate is mild Mediterra-

nean, with mean annual rainfall ca. 1,300 mm.

Bedrock is dominated by siliceous sandstone, which

produces acid, nutrient-poor soils, particularly on

ridges and upper slopes. Evergreen cork-oak (Quer-

cus suber) woodlands with a heath-shrub understorey

are dominant, except in valley bottoms and gorges,

where semi-deciduous oak (Quercus canariensis)

2024 Plant Ecol (2011) 212:2023–2033

123



forests prevail. Sandstone mountain crests and upper

slopes are covered by treeless, open heathlands.

Recurrent wildfires (with an average return interval of

25–30 years) constitute the major disturbance factor

in these heathlands (Ojeda et al. 1996; Ojeda et al.

2010).

The study site was located in a mature open

heathland patch (i.e. more than 15 years since the last

fire) on a south-exposed upper slope (ca. 400 m asl)

where both E. scoparia and E. australis were

abundant (38 and 25% relative cover, respectively).

Ten plants of each species were randomly selected

and tagged. In September 2006, at the end of summer,

their aboveground biomass was removed by clipping

to the ground level. All these clipped plants respro-

uted, and no post-resprouting mortality occurred in

either species. Close to each clipped plant, a non-

clipped individual (hereafter, mature plants) of the

same species was chosen and tagged.

Gas exchange parameters and leaf characteristics

The response of resprouting and mature plants of the

two species to changes in light intensity (photosyn-

thetic photon flux density, PPFD) was determined in

the field with a portable CIRAS-2 infrared gas

analyser, equipped with a PLC6 (U) Automatic

Universal Leaf Cuvette (1.7 cm2) and a LED light

source (PP Systems, Ltd., Herts, UK). Net photosyn-

thesis, A [lmol (CO2) m-2 s-1], and stomatal con-

ductance, Gs [mol (H2O) m-2 s-1], were recorded at

incrementally decreasing light intensities, from satu-

rating PPFD (2,000 lmol m-2 s-1) to complete

darkness, with temperature, humidity and CO2 levels

held constant inside the cuvette (20�C, 50% and

360 ppmv, respectively). After checking stability of

A values in the infrared gas analyser, time interval

between measurements was set at 120 s. Since leaves

of Erica species are small, terete and numerous, the

upper section of a south-exposed, apical shoot of each

individual was enclosed in the cuvette for measure-

ments. In all cases, the shoot apex itself was left

outside the cuvette, as only fully developed leaves

were used for gas exchange measurements in both

resprouting and mature plants. After each measure-

ment, the shoot section inside the cuvette was clipped

off, put in a zip-lock plastic bag and stored in a

cooler. At the end of each day, all the collected shoot

sections were taken to the lab and frozen at -20�C

for later determination of their overall leaf area

values to express net photosynthesis (A), stomatal

conductance (Gs) and dark respiration (Rd) measure-

ments of the shoot sections on a unit leaf area basis.

To obtain the overall leaf area of each shoot section,

its leaves were pulled off after defrosting, spread on a

flatbed scanner and scanned together. SigmaScan Pro

Fig. 1 Map of the study

area. Solid lines roughly

indicate patches of

sandstone-derived soils and

the dashed lines outlines the

boundary of Los
Alcornocales Natural Park.

The asterisk marks the

location of Monte Murta
Forestry Station
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software (SPSS Inc., Chicago, IL) was used to

measure overall leaf area, with an error \3%.

Three series of leaf gas exchange measurements

(photosynthesis and stomatal conductance) were

conducted across the spring of 2007, covering the

first growing season of the resprouts. Each measure-

ment series extended over 7 days from 9:00 to

13:00 h. As many tagged plant individuals as possi-

ble were analysed within this period, alternating

between species and regeneration stages (resprouting

vs. mature).

The first series of measurements was made in

March (early spring), 6 months after clipping, when

all resprouting plants had presumably used most of

their root starch reserves (Paula and Ojeda 2009). Six

resprouting and five mature plants of E. scoparia and

six resprouting and six mature plants of E. australis

were analysed in the first series. The second series

was conducted in the first week of May (middle

spring), and a total of seven plants of each regener-

ation stage (i.e. resprout and mature) and each species

were analysed, except for mature E. australis, of

which only six individuals could be measured.

Finally, the third series was conducted in the first

week of June (late spring). Six plants per regeneration

stage were measured in E. scoparia in this last series,

and only five per regeneration stage in E. australis.

To describe the photosynthetic response of each

individual to variations in irradiance, light-response

curves were obtained by fitting the actual photo-

synthesis-irradiance data (A and PPFD) to the

hyperbolic tangent model (Chalker 1980):

A ¼ Amax � Tanh PPFD� a� A�1
max

� �
� Rd;

where Tanh is the hyperbolic tangent and Amax, a and

Rd are three key photosynthetic parameters to be

estimated by the model based on the actual data

recorded in the field. Amax is the maximum net

photosynthesis or photosynthetic capacity at saturat-

ing light levels; a is the initial slope of the curve and

indicates the efficiency in light utilization; Rd corre-

sponds to the rate of respiration at PPFD = 0 (i.e.

dark respiration).

Finally, intrinsic water use efficiency (WUEi) was

calculated for each individual shoot section as the

quotient between net photosynthesis and stomatal

conductance (A/Gs) under saturating light conditions.

To get WUEi of each individual, we averaged its

A and Gs values at the three highest PPFD levels

(between 2,000 and 1,500 lmol quanta m-2 s-1).

Leaf fresh and dry weights were calculated only

from the shoot sections collected in May (middle

spring). While defrosting, leaves of each shoot

section were weighed together to the nearest 0.1 mg

to obtain the overall leaf fresh weight. Then, after

being scanned for quantifying the overall leaf area

(see above), leaves were oven-dried (60�C) to

constant mass and weighed again so as to obtain

the dry weight. The specific leaf area (SLA, cm2 g-1)

of each shoot section was then calculated as the

quotient between its overall leaf area and dry weight.

Finally, leaf water content (LWC; g g-1) was calcu-

lated for each shoot section as the difference between

fresh and dry leaf weights standardised by dry leaf

weight.

Data analyses

Amax, a, Gs and WUEi (log-transformed) were

compared between regeneration stages (i.e. resprout

vs. mature) across measurement series (i.e. spring

period) and species by means of three-way ANOVAs.

Dark respiration (Rd) did not follow a normal

distribution because many plants showed nil Rd.

(i.e. below the sensitivity of the infrared gas

analyser). Therefore, we treated this as a binary

variable (zero for plants without respiration, one

otherwise) and used a generalized linear model

(GLM) with a binomial error distribution and logit

link function to test for differences in the probability

of Rd between species, regeneration stages and

measurements. Model fitting and estimation of

dispersion was conducted by analysis of deviance

(McCullagh and Nelder 1989). LWC and SLA (log-

transformed) of shoot sections were compared

between regeneration stages across species by means

of two-way ANOVAs conducted separately for each

variable.

Results

The photosynthetic response to changes in light

intensity was highly variable in resprouting individ-

uals of the two Erica species but, on average, showed

higher photosynthetic performance than mature
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plants (Table 1, Fig. 2). Overall, resprouts had

significantly higher light use efficiencies (i.e. higher

a) and higher values of maximum net photosynthesis

(i.e. higher Amax) than mature plants across the three

spring measurement series (non-significant stage 9

period interaction; Table 2). While difference in light

use efficiency between resprouts and mature plants

was more marked in E. australis than in E. scoparia

(significant species 9 stage interaction; Table 2; P \
0.001 for E. australis and P = 0.192 for E. scoparia

in the Tukey’s HSD post hoc test), between species

difference was only marginally significant for max-

imum net photosynthesis (P \ 0.1; Table 2). In both

species, dark respiration was highest in early and, to a

lesser extent, middle spring, being nil for most plants

in late spring (Table 1). Probability of dark respira-

tion (Rd) was higher in resprouting shoots than in

mature plants for both species, but these differences

were more marked in E. australis (significant

species 9 stage interaction; Table 3).

In both species, resprouting shoots showed higher

values of stomatal conductance (Gs) than mature plants

(Table 1), although differences between regeneration

stages were more marked in E. australis than in

E. scoparia, as evidenced by the significant spe-

cies 9 stage interaction (Table 2). Since differences

between resprouts and mature plants in Gs were higher

than in Amax, resprouting plants showed an overall

lower WUEi than mature plants (Table 2; Fig. 3).

Between-stage differences were similar between spe-

cies across the three spring measurement series, as

evidenced by the lack of significant interactions

(Table 2).

Leaves of E. scoparia had higher SLA and LWC

values than those of E. australis and the two leaf

parameters were significantly higher in resprouts than

in mature plants (Table 4; Fig. 4). Differences

between resprouts and mature plants were similar in

the two species, as denoted by the lack of spe-

cies 9 stage interaction (Table 4).

Discussion

In both Erica species, resprouting plants had higher

light use efficiency (a) and higher maximum net

photosynthesis (Amax) than mature plants, commen-

surate with the reported enhancement of the photo-

synthetic parameters in resprouts compared with

mature plants for other woody resprouter species

(e.g. DeSouza et al. 1986; Castell et al. 1994; Fleck

et al. 1998). A temporarily increased root:shoot ratio

Table 1 Mean (±SD) values of gas exchange parameters for each combination of species (Erica scoparia and E. australis),

regeneration stage (mature and resprout) and spring period (early-, middle- and late-spring)

Species Regeneration stage a Amax Rd Gs

Early spring

E. scoparia Mature 0.008 ± 0.002 6.72 ± 3.48 -1.36 ± 0.81 0.17 ± 0.08

Resprout 0.011 ± 0.005 7.38 ± 4.39 -1.64 ± 1.22 0.17 ± 0.06

E. australis Mature 0.006 ± 0.001 4.56 ± 0.77 -0.09 ± 0.10 0.07 ± 0.02

Resprout 0.014 ± 0.005 7.43 ± 4.35 -1.17 ± 0.53 0.20 ± 0.07

Middle spring

E. scoparia Mature 0.007 ± 0.002 8.07 ± 2.44 -0.09 ± 0.17 0.09 ± 0.03

Resprout 0.010 ± 0.002 7.07 ± 1.27 -0.78 ± 0.35 0.20 ± 0.09

E. australis Mature 0.007 ± 0.002 5.96 ± 2.39 -0.02 ± 0.04 0.07 ± 0.03

Resprout 0.011 ± 0.003 10.94 ± 4.37 -0.96 ± 1.33 0.17 ± 0.06

Late spring

E. scoparia Mature 0.007 ± 0.003 7.63 ± 3.68 -0.27 ± 0.57 0.08 ± 0.02

Resprout 0.009 ± 0.002 9.03 ± 1.98 0.00 ± 0.00 0.12 ± 0.04

E. australis Mature 0.005 ± 0.001 5.89 ± 2.45 0.00 ± 0.00 0.10 ± 0.05

Resprout 0.009 ± 0.002 9.38 ± 5.77 -0.06 ± 0.13 0.16 ± 0.05

a (lmol CO2 lmol-1 quanta), efficiency in light utilization; Amax (lmol CO2 m-2 s-1), maximum net photosynthesis; Rd

(lmol CO2 m-2 s-1), dark respiration; and Gs (mol H2O m-2 s-1), stomatal conductance at saturating light levels
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in resprouting plants is potentially responsible for

their higher gas exchange rates by raising soil-to-leaf

hydraulic conductivity (Kruger and Reich 1993).

It is well established that a high hydraulic supply

increases leaf water status and hence stomatal

conductance (Buckley 2005). In this sense, our

results show significantly higher values for both leaf

water content (LWC) and stomatal conductance (Gs)

in resprouting plants (Fig. 4). High Gs values

improve photosynthetic performance by increasing

CO2 availability in the leaves (Reich et al. 1999).

Since differences in Gs between regeneration stages

were more marked than differences in Amax in both

species, leaves of resprouts had lower intrinsic water

use efficiency (WUEi) values than leaves of mature

plants. Therefore, the higher photosynthetic perfor-

mance of resprouting plants is associated with less

conservative water use.

As well as high Gs, our results show that low

sclerophylly (i.e. high SLA) is associated with the

increased photosynthetic performance of resprouting

plants (see Fig. 4). Resprouting shoots revert to

juvenile, pre-reproductive stages (Iwasa and Kubo

1997), characterized by high SLA compared with

mature plants (Thomas and Winner 2002). High SLA

enhances photosynthesis by increasing the light-

capture area per mass and shortening CO2 diffusion

paths from the stomata to the chloroplasts (Parkhurst

1994; Reich et al. 1999; Thomas and Winner 2002).

Fitted values of dark respiration (Rd) were higher

(more negative) in resprouting plants and the differ-

ence between resprouting and mature plants was

more marked at the beginning of the growing season,

as indicated by the significant stage 9 period inter-

action (Table 3). Higher Rd may denote higher

metabolic rates of the resprouts during their first

regrowth pulse. But towards the end of the first

growing season (late spring), Rd values of the

resprouts of the two species dropped to almost nil

and became equal to those of mature plants. By

contrast, the differences in photosynthetic parameters

(a, Amax) between resprouts and mature plants

referred to above were maintained across the growing T
a
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Fig. 2 Average leaf area based response curves of net

photosynthesis (A) to increasing light intensity (PPFD) in

shoot sections of mature plants (solid line, filled circles) and

resprouts (broken line, open circles) of Erica australis and E.
scoparia in early (A, B), middle (C, D) and late spring (E, F).

Whiskers represent standard errors

b
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season (from early to late spring). This suggests that

the enhanced photosynthesis of resprouts supports the

vegetative regrowth in very early stages, whereas in

the later stages, even within the first growing season,

the metabolic demand decreases and some of the

fixed carbon would be diverted to replenishing

depleted below-ground starch reserves (Iwasa and

Kubo 1997).

When comparing the two species, contrary to our

initial hypothesis, differences in the photosynthetic

performance between regeneration stages were

greater in E. australis than in E. scoparia, even

though the rate of post-disturbance starch recovery is

markedly lower in E. australis (Paula and Ojeda

2011, this issue). We propose two possible explana-

tions for this somewhat counterintuitive result.

First, the enhanced photosynthetic performance of

resprouting plants could be viewed, not as an

adaptive response for enhancing the recovery of

starch reserves after disturbance, but simply as an

outcome of their root to shoot relationship (see

above). It has long been established that species with

large, deep root systems have high stomatal conduc-

tance and low water use efficiency, whereas species

with shallow roots tend to have a conservative water

use strategy (e.g. Davis and Monney 1986). There is

no available data on root depth for these two Erica

species, but their habitat preferences (E. australis for

shallow rocky soils on sandstone ridges and crests,

and E. scoparia for deeper soils on middle slopes;

Ojeda et al. 2000) do not suggest the existence of a

deeper root system in E. australis. Therefore,

Table 3 Results of the

analysis of deviance

comparing the probability

of dark respiration (Rd)

between species (Erica
scoparia vs. E. australis),

regeneration stage (mature

vs. resprout) and spring

period (early-, middle- and

late spring)

df Deviance Residuals df Residuals deviance P

Null 69 97.041

Species (Sp) 1 2.819 68 94.22 0.093

Stage (Rs) 1 6.061 67 88.16 0.014

Period (Pe) 2 35.551 65 52.61 \0.001

Sp 9 Rs 1 6.091 64 46.52 0.014

Sp 9 Pe 2 0.004 62 46.52 0.998

Rs 9 Pe 2 9.876 60 36.64 0.007

Sp 9 Rs 9 Pe 2 \0.001 58 36.64 1.000

Fig. 3 Intrinsic water use efficiency (WUEi) at saturating light

levels (see text) in mature plants (closed circles) and resprouts

(open circles) of Erica scoparia and E. australis in the three

spring periods. Symbols represent mean values and

whiskers ±SD. WUEi increased along the study period, but

only in E. scoparia (P = 0.041, Tukey’s HSD post hoc test

comparing early and late spring values)
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differences in root depth do not seem to explain the

greater enhancement of photosynthetic performance

in resprouting E. australis plants. Nevertheless, root

to shoot relationships could still contribute to

explaining our results, since the comparatively low

above-ground growth of resprouting E. australis

plants (Paula and Ojeda 2006, 2009) causes it to

have a higher root:shoot ratio than E. scoparia.

A second explanation concerns the higher

demands for assimilated carbon in E. australis than

in E. scoparia. Shoots of E. australis bear numerous

glandular trichomes, whereas those of E. scoparia are

glabrous (Bayer 1996). Leaves of E. australis are also

significantly tougher (lower SLA; see Table 4) and

accumulate more tannins (Ramos et al. 1999) than

those of E. scoparia, probably to avoid herbivory

(Paula and Ojeda 2011, this issue). Furthermore, the

xylem of woody roots in E. australis has a higher

proportion of parenchymatic rays than that of

E. scoparia (Paula 2004). Leaf toughness, glandular

trichomes and tannin accumulation are all very

expensive in terms of carbon and energy (Koricheva

2002; Strauss et al. 2002; Wright and Cannon 2001)

and maintenance of parenchymatic rays, associated

with carbon storage, also requires energy (Pate et al.

1990). Thus, resprouting plants of Erica australis,

with lower regrowth compared with E. scoparia

(Paula and Ojeda 2006, 2009), need higher assimi-

lation rates per leaf area unit to support their higher

carbon demands.

In conclusion, the faster rate of starch re-storage of

E. scoparia compared with E. australis reported by

Table 4 Results of the two-way ANOVAs comparing specific leaf area (SLA) and leaf water content (LWC) values between species

(Erica scoparia vs. E. australis) and regeneration stages (mature vs. resprout). Samples were obtained in middle spring

SLA LWC

df SS MS F P df SS MS F P

Species (Sp) 1 0.073 0.073 12.42 0.002 1 0.159 0.159 8.90 0.007

Stage (Rs) 1 0.250 0.250 42.55 \0.001 1 0.660 0.660 36.87 \0.001

Sp 9 Rs 1 0.001 0.001 0.16 0.690 1 0.010 0.010 0.56 0.465

Residuals 20 0.118 0.006 20 0.358 0.018

Data were log-transformed prior analyses

Fig. 4 Specific leaf area (SLA), maximum net photosynthesis

(Amax), leaf water content (LWC) and stomatal conductance

(Gs) in leaves sampled in middle spring for mature plants and

resprouts of Erica scoparia (closed symbols) and E. australis

(open symbols). Symbols represent median values, whereas the

lower and upper whiskers indicate the 0.25 and the 0.75 quan-

tile, respectively

Plant Ecol (2011) 212:2023–2033 2031

123



Paula and Ojeda (2011, this issue) cannot be

explained by a greater enhancement of photosynthe-

sis in resprouting plants of E. scoparia. We invoke

both differences in root:shoot ratios and demand from

carbon sinks to explain our finding that E. australis

shows a greater increase in photosynthetic perfor-

mance during resprouting than E. scoparia.
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