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Patterns of carbon storage in relation to shade
tolerance in southern South American species1
Frida I. Piper2

PREMISE OF THE STUDY: Carbon (C) allocation to storage in woody tissues at the expense of growth is thought to promote shade tolerance, yet few studies
on the subject examined C storage during maximum growth and considered stand influences. I asked how C storage in different plant tissues relates to
shade tolerance in temperate forests with contrasting climates and physiognomies, and whether relationships vary during the growing season.
METHODS: In the late spring and late summer, I harvested seedlings of eight species with contrasting light requirements from the understory of a cold
rainforest and a Mediterranean forest in Chile. Nonstructural carbohydrate (NSC) concentrations and pools (i.e., biomass x NSC concentration) were determined in leaves, aboveground wood, and roots. The effects of shade tolerance and sampling date on the NSCs were analyzed for each forest and tissue
with linear mixed-effects models.
KEY RESULTS: In both forests, concentrations of NSC and soluble sugars in woody tissues, as well as fractions of NSC in these tissues, were lower in shade
tolerant than in shade intolerant species. For root NSC concentrations, these trends depended on the sampling date: in the late spring the concentrations
were similar in shade tolerant and intolerant species, while in the late summer they were lower in shade tolerant species.
CONCLUSIONS: Shade tolerance is not linked to C storage in the two studied forests, suggesting that allocation to growth or defenses could be more advantageous for low light persistence. Alternatively, high levels of C storage could be also selected in shade intolerant species to face herbivory or drought.
KEY WORDS drought; evergreen; herbivory; Mediterranean; nonstructural carbohydrates; Patagonia; rainforest; starch; understory

Plants need to maintain a positive carbon (C) balance to survive,
yet many plants persist in the forest’s understory with light-limited
photosynthesis. The mechanisms responsible for the species’ ability
to survive in low light (i.e., shade tolerance) are yet unresolved, although it is thought that C allocation to defenses and storage at the
expense of growth plays a central role (Kitajima, 1994; Kobe, 1997;
Walters and Reich, 1999). High growth rate would be disadvantageous in low light because it involves higher respiratory rates and
traits that make plants susceptible to herbivory (e.g., high nitrogen
content, high specific leaf area). The relative cost of C losses by herbivory or respiration is greater in low light, because it represents a
higher proportion of growth or storage (Coley, 1993; Kitajima,
1994; Walters and Reich, 1999). In contrast, allocation to defenses
and storage confers herbivory resistance and tolerance, respectively;
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such allocation has a low opportunity cost because of the low
growth potential in low light (Kitajima, 1994; Kobe, 1997; Walters
and Reich, 1999; Poorter and Kitajima, 2007; Valladares and
Niinemets, 2008). Shade intolerant species, on the other hand, are
thought to have a lower relative C investment in storage, and a
higher relative C investment in growth because competition is the
key selective filter in the high–light environments where they prevail (Kitajima, 1994). Thus, species light requirements are determined by a survival–growth tradeoff, where a continuum in C
storage contributes to a continuum in light requirements (Poorter
and Kitajima, 2007). Empirical evidence has shown that the level of
defenses in low light is indeed higher in shade tolerant than in intolerant species (Kitajima, 1994; Poorter et al., 2004; Imaji and
Seiwa, 2010). In contrast, support for higher C storage in nonphotosynthetic tissues of shade tolerant species has been mixed (Kobe,
1997; Canham et al., 1999; Lusk and Piper, 2007; Poorter and Kitajima,
2007; Imaji and Seiwa, 2010).
The relationship between C storage and shade tolerance has been
tested by comparing root or stem NSC concentrations and/or
pools among seedlings or juveniles of species with contrasting light

A M E R I C A N J O U R N A L O F B OTA N Y 102(9): 1–11, 2015; http://www.amjbot.org/ © 2015 Botanical Society of America • 1

2

•

A M E R I C A N J O U R N A L O F B OTA N Y

requirements in the understory. This has lent support to the prediction
that C storage is higher in shade tolerant than in shade intolerant
species for some temperate species (Kobe, 1997; Gaucher et al., 2005),
but not in others (Canham et al., 1999; Lusk and Piper, 2007; Piper
et al., 2009; Imaji and Seiwa, 2010), and in tropical rainforests (Myers
and Kitajima, 2007; Poorter and Kitajima, 2007), but not in seasonally
dry-tropical forests (Würth et al., 2005; Poorter and Kitajima, 2007). The
disparity of results might indicate that in some cases, high levels of C
storage are not critical for low light persistence and that other sinks are
favored (e.g., growth, Baltzer and Thomas, 2007). However, while most
studies on temperate species have examined C storage in the late summer or early autumn (Kobe, 1997; Canham et al., 1999; Lusk and Piper,
2007; Piper et al., 2009; Imaji and Seiwa, 2010), most plant growth in
temperate latitudes occurs in the spring (Hoffmann and Alliende,
1984; Gill et al., 1998; Hoch et al., 2003). Thus, an assessment of whether
C storage is prioritized over growth should be examined at this time.
The seasonal consistency of C storage patterns in relation to shade tolerance is largely unknown, although there is evidence that in winterdeciduous species is tissue dependent (Gaucher et al., 2005). On the
other hand, late summer assessments of NSC are likely to reflect phenological or climatic influences on C storage, thus not capturing the
hypothetical tradeoff between storage and growth. For example, late
season levels of NSC in low light could be lower in shade intolerant
species as compared to more tolerant species, due to higher C losses by
respiration after growth cessation. Conversely, shade intolerant species
could accumulate more C than shade tolerant species after a period of
drought (Piper, 2011). In winter deciduous forests, an anticipated
overstory’s leaf shedding triggers interspecific differences in photosynthesis of the understory (Gill et al., 1998), which in turn could lead to
interspecific differences in late season C storage.
Climate could also influence C storage patterns in relation to
shade tolerance. It has been found that carbohydrate concentrations and pools decrease with the light requirements of juveniles in
a moist semi-evergreen tropical forest, but not in a dry-deciduous
tropical forest (Poorter and Kitajima, 2007). It has been proposed
that this is because the link between C storage and shade tolerance
disappears wherever drought or fire are more limiting for plant life
than is low light (Poorter and Kitajima, 2007; Poorter et al., 2010).
Indeed, C storage supports resprouting in fire-adapted species and
confers drought tolerance by mediating osmoregulation and vascular functioning (Mitchell et al., 2013; Dietze et al., 2014; O’Brien
et al., 2014). Although drought and shade often co-limit plant regeneration in temperate forests (Valladares et al., 2008), how drought
affects C storage patterns in relation to shade tolerance has not yet
been studied in these forests. Temperate forests of Mediterranean
regions may be good models to examine climatic influences on the
relationship between C storage and shade tolerance; this is because
they are characterized by the co-occurrence of shade and drought
during the growing season (Valladares et al., 2008). If interspecific
patterns of C storage in these forests are driven by drought instead
of shade, shade tolerant species should have similar or lower NSC
levels than intolerant species, depending on whether drought and
shade tolerance are unrelated (Sánchez-Gómez et al., 2006) or negatively related (Niinemets and Valladares, 2006), respectively. In
contrast, if low light is the main driver of C storage, shade tolerant
species should have higher levels of C storage than less tolerant species, irrespective of the climate. The plant tissue where C is being
stored, and the type of carbohydrate involved, can give further
clues on the drivers. Root NSC, particularly starch, is central for
resprouting after extreme disturbances that remove or kill most

of the plant crown (e.g., fire, browsing) (Bond and Midgley, 2001;
Dietze et al., 2014). However, under moderate disturbances (e.g.,
partial herbivory), stems and remnant leaves may also provide carbohydrates for crown recovery (Piper and Fajardo, 2014). Drought
tolerance, however, is supported by high root biomass fraction
(Markesteijn and Poorter, 2009) and root C storage (Hartmann
et al., 2013), which imply a high NSC partitioning to roots. Furthermore, because starch is osmotically inert and most soluble sugars
are osmotically active (Dietze et al., 2014), soluble sugars should
govern interspecific patterns of C storage when drought is the main
driver of storage.
In this study, I examined the link between C storage and shade
tolerance considering both growing season and the stand’s influence.
For this, I compared late spring and late summer NSC, starch, and
soluble sugar concentrations, and NSC pools in large seedlings of
broadleaved species with contrasting light requirements, growing in
the understory of two Chilean forests differing in climate and physiognomy: a cold evergreen rainforest and a mixed winter deciduous–
evergreen Mediterranean forest. In these forests, maximum growth
rates generally take place in late spring and growth cessation occurs
in midsummer (Hoffmann and Alliende, 1984; San Martín et al.,
2002). I asked how C storage in different plant tissues relates to shade
tolerance in these forests, and whether these relationships vary over
the growing season. Under the view that C allocation to storage is
prioritized over growth as a strategy to persist in low light, a positive
relationship between C storage and shade tolerance is predicted.
While most previous studies examined this relationship assessing C
storage in woody tissues at the end of the growing season, I postulate
that leaves might also promote shade tolerance by providing carbohydrates for crown recovery in evergreen species, and that C storage at
the period of maximum growth demand better reflects a potential
storage–growth tradeoff. Therefore, if C allocation to storage at the
expense of growth underlies shade tolerance, I expect that low light
NSC and starch levels in the late spring will be higher in shade tolerant species than in less tolerant species, and that this pattern could be
evident not only in woody tissues, but also in leaves. Furthermore, I
anticipate that if drought or fire exerts a stronger selection on C storage than low light, shade tolerant species of the Mediterranean forest
will have similar or lower NSC concentrations and pools than their
less shade tolerant counterparts (depending on how shade tolerance
relates to drought tolerance and fire resistance within the community), especially in roots.

MATERIALS AND METHODS
Study sites—Two forests were selected to represent contrasting climates: a cold rainforest and a Mediterranean forest. The cold rainforest, also referred to as a northern Patagonian rainforest (Veblen
and Schlegel, 1982; Veblen et al., 1996), is located in Patagonia,
Chile, in a private area of 250 ha used for tourism and conservation
called “Parque Aiken del Sur” (45°27′7″ S, 72°44′12″ W, 45 m a.s.l.).
The climate at this site is cold-temperate and superhumid (Luebert
and Pliscoff, 2006). Mean temperatures in the city of Puerto Aysén,
(10 km east of the study site) are 12.0°C for the growing season
(October–March) and 9.0°C for the entire year; annual precipitation is approximately 3,000 mm regularly distributed throughout
the year (i.e., >200 mm per month) (Luebert and Pliscoff, 2006). At
the study site, air temperature for the growing season is 12.1°C (average of hourly records taken with a TidbiT v2 Temperature Data
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Logger (Onset Computer Corporation, Bourne, Massachusetts,
USA), 10 cm aboveground under full canopy shade, from December 20 to March 16 for two growing seasons: 2013–14 and 2014–
15). Soils are typical Andisols, with an acidic pH, and low nitrogen
and phosphorous availability. The area was affected by massive
fires, which occurred in the first half of the twentieth century, after
which a secondary-growth forest was established (Quintanilla,
2008). This forest currently has an intermediate successional status.
The forest’s composition at the study site is characteristic of North
Patagonian rainforests (i.e., 43–47° S), similar to the Valdivian
rainforest but with lower species richness (Veblen et al., 1996).
Most species are broadleaved evergreens, the most frequent of
which include Laureliopsis philippiana (Atherospermataceae),
Amomyrtus luma (Myrtaceae), Myrceugenia planipes (Myrtaceae),
Azara lanceolata (Flacourtiaceae), Drimys winteri (Winteraceae),
Lomatia ferruginea (Proteaceae), Nothofagus nitida (Nothofagaceae), Embothrium coccineum (Proteaceae), Luma apiculata (Myrtaceae), Fuchsia magellanica (Onagraceae), and Aristotelia chilensis
(Elaeocarpaceae). Nothofagus antarctica (Nothofagaceae) is the
only winter deciduous species found on the site, while Podocarpus
nubigena (Podocarpaceae) is the only conifer.
The Mediterranean forest was located in central Chile, in a 60 ha
public conservation area called “Reserva Nacional Los Ruiles”
(35°35′57″ S, 72°21′06″ W, 380 m a.s.l.) located on the Coastal Range.
This area is surrounded by exotic plantations of Pinus radiata and
Eucalyptus globulus. Here, mean temperatures for the year are 15.2°C,
and for the growing season (approximately October–March) are
20.3°C; mean annual precipitation is 642 mm, falling mostly in the
winter, while the precipitation for the growing season is ~58 mm
(historical records for the city of Cauquenes, 16 km east of the study
site, Luebert and Pliscoff, 2006). The air temperature for the growing
season at the study site is 16.1°C (average of hourly records taken at
the study site from December 20 to March 16 for two growing seasons: 2013–14 and 2014–15; measurements were also taken with the
TidbiT v2 Temperature Data Logger, 10 cm aboveground under full
canopy shade). The soils at the study site are Alfisols, developed on
metamorphic substrates with granitic intrusions, with neutral pH
and poor nutrient availability (San Martín and Donoso, 1995). As for
the rainforest site, the forest here was affected by massive fires occurring before the first half of the twentieth century, and a secondarygrowth forest now prevails, dominated by the winter deciduous
Lophozonia glauca and Fucospora alessandri in the emergent canopy
layer, and several evergreen species in the lower understory and midcanopy, including Gevuina avellana (Proteaceae), Persea lingue
(Lauraceae), Cryptocarya alba (Lauraceae), Aristotelia chilensis, Sophora macrocarpa (Fabaceae), Lithraea caustica (Anacardiaceae),
and the extremely shade-tolerant Aextoxicon punctatum (Aextoxicaceae) (San Martín and Donoso, 1995). Full leaf display in the canopy
is achieved in November, while leaf shedding starts in March. Between December and February, seedlings in the understory are
clearly affected by low light and drought.
Species selection—At each study site, eight species with contrast-

ing light requirements were selected. Three very shade tolerant,
three mid-shade tolerant, and two shade intolerant species were
selected in the cold rainforest; one very shade tolerant, four midshade tolerant, and three shade intolerant species were selected in
the Mediterranean forest (Table 1). Species were assigned to one of
the three shade tolerance categories according to previous classifications of species’ light requirements based on the natural distribution

• PIPER— NSC AND LIGHT REQUIREMENTS IN TREES OF CHILE

• 3

of seedlings in relation to light availability (Figueroa and Lusk,
2001; Lusk et al., 2008; Grubb et al., 2013). Except for Lophozonia
glauca, all sampled seedlings corresponded to evergreen species.
Facultative deciduousness has been reported in Aristotelia chilensis
(Donoso, 2006). All of the studied species reproduce by seeds, and
many of them may also reproduce vegetatively. Although the ability to resprout could also be related to their C storage levels, there is
no apparent relationship between vegetative reproduction and
shade tolerance among the studied species. Extremely shade tolerant species, such as Aextoxicon punctatum or Amomyrtus luma, are
aggressive resprouters (Veblen et al., 1979; González et al., 2002),
but so is the mid-tolerant Gevuina avellana and the highly intolerant Aristotelia chilensis (Donoso, 2006). For the purposes of evaluating C storage in the current study, I sampled only seedlings of
seed origin (i.e., no root suckers, which receive resources from the
mother tree). This often required exploratory digging, and sometimes uprooting of seedlings.
Sampling—Sampling for biomass and NSC analyses was carried

out in early December 2012 (hereafter referred to as “late spring”)
and mid-March 2013 (hereafter “late summer”). These dates were
selected to represent the periods of maximum growth and the end
of the growing season, respectively. Vegetative growth in southern
Chilean trees generally starts around September and ends in January
(Hoffmann and Alliende, 1984; San Martín et al., 2002). On each
sampling date, ~10–20 sampling points every 25 m were set within
each forest, along ~4 sampling lines perpendicular to the main trail.
Because I was interested in the interspecific comparison of NSC
under low-light conditions, areas with apparently high direct or
diffuse irradiance were discarded. At each sampling point, a 3 × 3 m
plot was delimited and seedlings of the target species, 5–50 cm tall,
were harvested. Because the species’ ranking in terms of NSCs partitioning may change with seedling height (Lusk and Piper, 2007),
seedling height was measured and considered as a covariable in the
statistical analyses. For the rainforest, mean sizes (standard error)
were 26.4 (1.32), 32.7 (1.82), and 36.2 (1.99) cm for shade tolerant,
mid- tolerant, and intolerant species, respectively. For the Mediterranean forest, these heights were 14.6 (1.37), 16.6 (0.92), and 16.3
(1.27), respectively.
The frequency of seedlings in the understory tends to be related
to the species’ light requirements (e.g., shade intolerant species occur more frequently in gaps), and slight interspecific differences in
the light environment may have strong effects on NSCs. To control
for light effects when comparing NSCs among shade tolerance categories, I took one hemispherical photo above each harvested seedling using a 7-mm Nikon f 7.4 fish eye lens fit with an adaptor
(Nikon UR-E6) on a Nikon Coolpix 5000 digital camera (Nikon
Corporation, Tokyo, Japan) and estimated the percentage of
canopy openness using Gap Light Analyzer (GLA ver. 2) software
(Frazer et al., 2000); this was considered as a covariable in the statistical analysis. In both sites, canopy openness proved to be homogeneous among species (Table 1), with no differences among shade
tolerance categories (cold rainforest: F2, 110 = 1.95, P = 0.15; Mediterranean forest: F2, 138 = 2.31, P = 0.10).
Seedlings were completely harvested (i.e., whole above- and below-ground biomass) between 12:00 and 4:00 pm by excavating a
hole of sufficient width and depth to avoid root tissue losses. Seedlings were then placed in a cooler with ice to reduce tissue respiration until they were brought to the laboratory. A total of ~42–76
seedlings were harvested per site on each sampling date (Table 1).
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TABLE 1. Study species and families, shade tolerance category, and characteristics of the sampled individuals (number per species and sampling date, mean
seedling height, and mean light environment) in the understory of a cold rainforest and a Mediterranean forest in southern Chile. Mean temperature and
precipitation for the growing season (October–March) are indicated in the first column for each study site.

Cold rainforest
12.1°C;
~ 200 mm

Mediterranean
16.1°C;
58 mm

Species name

Family

Shade-tolerance

n spring, summer

Height (cm)

Canopy openness (%)

Laureliopsis philippiana (Lp)
Myrceugenia planipes (Mp)
Amomyrtus luma (Al)
Luma apiculata (La)
Lomatia ferruginea (Lf )
Azara lanceolata (Az)
Fuchsia magellanica (Fm)
Aristotelia chilensis (Ac)
Aextoxicon punctatum (Ap)
Gevuina avellana (Ga)
Persea lingue (Pl)
Cryptocarya alba (Ca)
Lithraea caustica (Lc)
Lophozonia glauca (Lg)
Sophora macrocarpa (Sm)
Aristotelia chilensis (Ac)

Atherospermataceae
Myrtaceae
Myrtaceae
Myrtaceae
Proteaceae
Flacourtiaceae
Onagraceae
Elaeocarpaceae
Aextoxicaceae
Proteaceae
Lauraceae
Lauraceae
Anacardiaceae
Nothofagaceae
Fabaceae
Elaeocarpaceae

Tolerant
Tolerant
Tolerant
Mid-tolerant
Mid-tolerant
Mid-tolerant
Intolerant
Intolerant
Tolerant
Mid-tolerant
Mid-tolerant
Mid-tolerant
Mid-tolerant
Intolerant
Intolerant
Intolerant

5, 9
6, 11
4, 8
4, 7
4, 9
8, 7
2, 5
9, 13
20, 18
6, 9
6, 11
14, 17
1, 1
3, 3
12, 16
1, 1

25.5 (± 3.2)
25.1 (± 1.6)
29.2 (± 1.8)
35.3 (± 4.2)
30.9 (± 2.7)
32.3 (± 2.8)
44.4 (± 3.4)
33.5 (± 2.1)
14.6 (± 1.4)
14.2 (± 2)
18.5 (± 1.2)
16.4 (± 1.5)
19.0 (± 9)
15.0 (± 2.6)
16.3 (± 1.5)
20.0 (± 2.0)

4.40 (± 0.50)
4.31 (± 0.41)
5.08 (± 0.50)
4.76 (± 0.40)
4.31 (± 0.29)
3.99 (± 0.35)
5.26 (± 0.74)
4.98 (± 0.30)
9.03 (± 0.06)
9.77 (± 0.28)
9.70 (± 0.15)
9.48 (± 0.08)
9.75 (± 1.01)
9.48 (± 0.18)
9.73 (± 0.13)
9.64 (± 0.18)

Species were first categorized as shade tolerant, mid-shade tolerant, and shade intolerant, following Grubb et al. (2013); then, within each category, species were ordered from the most to
the least shade tolerant according to previous studies (Figueroa and Lusk, 2001; Lusk et al., 2008; Grubb et al., 2013); n means number of seedlings; for height and canopy openness the means
(±SE) are shown.

Biomass and chemical analyses—In the laboratory, each seedling

was separated into roots, main stem and branches (hereafter
“aboveground wood”), and leaves. Roots were thoroughly washed
with tap water and gently brushed. Samples were then placed in

tagged paper bags and heated in a microwave for three 20 s cycles at
maximum power to stop enzymatic activity (Popp et al., 1996).
They were then dried in a forced-air stove at 70°C for 72 h; afterwards,
dry weights were recorded. Samples were then ground into a fine

TABLE 2. Summary of F-ratios and inferences (P-values) for the effects of sampling date (Date), shade tolerance category (Tolerance), seedling height (Height),
and the interactions of Tolerance with Date and Height on the NSC, starch, and soluble sugar (SS) concentrations (in milligrams per gram, mgg−1) and the
fraction of NSC pool (in percent) in leaves, aboveground woody tissues (i.e., stems and branches), and belowground biomass of tree species in a cold rainforest
and a Mediterranean forest of southern Chile.

Cold Rainforest
NSC concentration

Date
Tolerance
Height
Canopy openness
Tolerance x Date
Tolerance x Height
Tolerance x C. op.
SS concentration
Date
Tolerance
Height
Canopy openness
Tolerance x Date
Tolerance x Height
Tolerance x C. op.
Starch concentration Date
Tolerance
Height
Canopy openness
Tolerance x Date
Tolerance x Height
Tolerance x C. op.
Fraction of NSC pool Date
Tolerance
Height
Canopy openness
Tolerance x Date
Tolerance x Height
Tolerance x C. op.

Mediterranean forest

Leaves

Aboveground

Roots

Leaves

Aboveground

Roots

17.48 (0.001)
1.66 (0.208)
0.18 (0.669)
0.92 (0.339)
19.70 (<0.001)
0.05 (0.827)
0.09 (0.770)
9.21 (0.003)
0.14 (0.710)
0.42 (0.518)
1.48 (0.228)
3.59 (0.062)
2.28 (0.135)
0.38 (0.538)
8.36 (0.005)
3.04 (0.093)
23.54 (<0.001)
1.61 (0.208)
4.94 (0.029)
12.18 (<0.001)
0.18 (0.668)
2.31 (0.133)
15.69 (<0.001)
7.68 (0.007)
0.35 (0.558)
1.64 (0.204)
1.64 (0.921)
0.10 (0.749)

0.26 (0.611)
9.31 (0.005)
0.14 (0.706)
0.09 (0.760)
0.01 (0.963)
0.41 (0.525)
0.58 (0.448)
9.99 (0.023)
19.69 (<0.001)
7.36 (0.008)
1.68 (0.198)
0.51 (0.477)
0.86 (0.357)
0.21 (0.644)
9.85 (0.025)
0.03 (0.858)
3.14 (0.081)
1.17 (0.283)
0.05 (0.815)
3.25 (0.075)
0.10 (0.749)
3.35 (0.071)
16.30 (<0.001)
8.29 (0.005)
1.60 (0.209)
8.07 (0.006)
0.20 (0.657)
0.21 (0.644)

7.92 (0.006)
10.34 (0.003)
12.68 (<0.001)
0.06 (0.800)
4.79 (0.032)
0.57 (0.453)
1.23 (0.271)
2.28 (0.135)
18.10 (<0.001)
1.21 (0.276)
0.02 (0.874)
0.01 (0.917)
0.46 (0.499)
0.11 (0.744)
12.36 (<0.001)
2.68 (0.113)
15.11 (<0.001)
0.43 (0.514)
0.43 (0.513)
3.05 (0.085)
0.07 (0.788)
0.20 (0.660)
0.68 (0.417)
1.99 (0.162)
0.07 (0.784)
0.05 (0.828)
0.50 (0.482)
0.06 (0.804)

1.56 (0.214)
0.10 (0.752)
8.72 (0.004)
2.07 (0.153)
0.27 (0.606)
3.33 (0.071)
3.12 (0.080)
24.29 (<0.001)
0.01 (0.970)
5.06 (0.026)
6.19 (0.014)
0.23 (0.629)
0.15 (0.697)
1.83 (0.179)
3.34 (0.070)
3.53 (0.074)
5.84 (0.017)
0.45 (0.505)
3.06 (0.08)
7.41 (0.008)
14.48 (0.100)
2.78 (<0.001)
18.49 (<0.001)
1.71 (0.193)
0.27 (0.606)
1.37 (0.245)
12.31 (<0.001)
1.52 (0.220)

1.00 (0.320)
1.55 (0.226)
2.39 (0.125)
2.78 (0.098)
1.82 (0.180)
0.22 (0.636)
2.42 (0.123)
0.68 (0.410)
13.78 (0.001)
1.40 (0.238)
5.66 (0.019)
0.01 (0.956)
0.31 (0.576)
0.83 (0.363)
0.01 (0.936)
1.22 (0.281)
1.45 (0.232)
0.48 (0.491)
6.65 (0.011)
0.01 (0.951)
5.43 (0.920)
14.66 (<0.001)
0.45 (0.508)
0.36 (0.551)
0.38 (0.539)
0.03 (0.867)
1.39 (0.242)
0.13 (0.722)

1.46 (0.230)
8.08 (0.009)
0.39 (0.535)
0.62 (0.432)
9.44 (0.003)
2.00 (0.160)
6.78 (0.360)
3.78 (0.054)
8.39 (0.008)
2.92 (0.09)
1.03 (0.312)
1.51 (0.221)
0.21 (0.643)
0.12 (0.733)
0.03 (0.857)
0.03 (0.864)
0.11 (0.748)
0.06 (0.799)
7.66 (0.007)
0.64 (0.426)
7.25 (0.642)
3.60 (0.061)
6.84 (0.016)
1.81 (0.181)
0.24 (0.627)
0.01 (0.948)
0.87 (0.354)
1.24 (0.267)

Note: Sampling dates refer to late spring (early December 2012) and late summer (mid-March 2013); Tolerance categories are described in Table 1; Seedling height varied as indicated in Table
1. All data distributed normally; hence, no transformation was required before analyses.

Fraction of NSC pool (%)

Roots

199.22 (11.35) a
176.92 (8.88) a
131.3 (6.64) b
80.41 (5.95) a
65.54 (3.64) a
56.83 (4.58) b
120.34 (11.07) a
111.37 (8.46) a
76.54 (6.45) a
36.93 (2.33) a
28.79 (1.42) b
29.37 (1.48) b
133.65 (7.73) a
146.06 (7.84) a
115.46 (6.61) a
73.92 (4.93) a
62.10 (22.31) a
43.65 (4.04) b
63.04 (6.63) a
83.95 (7.06) a
71.81 (5.55) a
43.12 (2.35) a
30.38 (1.44) a
37.88 (2.08) a

Aboveground
Leaves

110.00 (5.86) a
144.53 (5.25) a
91.96 (5.17) a
66.72 (3.95) a
89.81 (4.01) a
62.43 (4.26) a
45.79 (3.70) a
54.71 (4.72) a
29.54 (1.95) a
20.97 (1.95) a
40.83 (2.13) b
35.07 (2.14) b

Mediterranean forest

Roots

134.74 (9.78) a
138.07 (8.04) a
86.72 (5.25) b
42.61 (3.91) a
35.84 (2.86) a
19.88 (1.66) b
93.26 (11.04) a
102.23 (7.29) a
60.65 (4.99) a
33.90 (2.32) a
39.48 (2.35) a
30.13 (1.65) a
110.79 (7.04) a
106.60 (6.08) a
78.58 (3.79) b
47.63 (3.98) a
37.17 (3.21) a
24.35 (2.46) b
60.52 (7.60) a
69.43 (5.53) a
55.12 (4.34) a
46.91 (2.20) a
35.43 (2.36) b
31.65 (1.70) b

Aboveground
Leaves
Category

88.85 (5.83) a
109.44 (5.96) a
59.88 (3.15) a
58.82 (5.07) a
86.01 (4.95) a
36.88 (2.94) a
32.36 (1.98) a
23.44 (2.66) a
23.61 (2.26) a
19.19 (2.30) a
25.09 (2.13) a
38.22 (2.15) b
Starch concentration (mg g−1)

NSC and starch concentrations in root and aboveground wood,
as well as NSC fractions in these tissues, were not higher in shade
tolerant species than in mid-tolerant or intolerant species for any of
the forests (Tables 2, 3). In fact, in some forest-site combinations
the opposite pattern was found. In the cold rainforest, root and
aboveground wood NSC concentrations were significantly lower in
tolerant species than in mid-tolerant and intolerant species, as a

SS concentration (mg g−1)

RESULTS

Intolerant
Mid-tolerant
Tolerant
Intolerant
Mid-tolerant
Tolerant
Intolerant
Mid-tolerant
Tolerant
Intolerant
Mid-tolerant
Tolerant

the sampling date, and their interaction on seedlings’ C storage
(NSC, starch, and SS concentrations) were analyzed by fitting linear
mixed-effects models (LMM) for each tissue and study site. In
the modeling, the shade tolerance category (shade tolerant, midtolerant, and intolerant) and sampling date (late spring and late
summer) were considered as fixed factors, while the transects and
the species nested in each shade tolerance category were random
factors. Knowing that ontogeny and canopy openness may affect
the relationship between C storage and light requirements (Lusk
and Piper, 2007; Myers and Kitajima, 2007), seedling height and
canopy openness were considered as covariables in the modeling,
and the significance of the interaction with shade tolerance was assessed for each one. When the interaction between seedling height
or canopy openness and shade tolerance was significant, I applied
Pearson’s correlations to identify the specific effect of height or
canopy openness on each shade tolerance’s category. Finally, to test
whether there was a difference among shade tolerant, mid-tolerant,
and intolerant categories’ NSC, I computed posthoc Tukey HSD
tests and reported mean values and confidence intervals. All analyses were performed with the statistical software R (R-DevelopmentCore-Team, 2013).

NSC concentration (mg g−1)

Statistical analyses—The effects of the shade tolerance category,

Cold Rainforest

powder with a coffee grinder and a mortar; the samples were stored
at 4°C until chemical analyses (i.e., complete roots, stems, branches,
and leaves were used for NSC analyses).
Leaves, aboveground wood, and roots of each seedling were analyzed for nonstructural carbohydrate (NSC = soluble sugars + starch)
concentrations. Soluble sugars (SS) and starch concentrations were
determined using approximately 15 mg of the dried powder sample.
Soluble sugars were extracted with a methanol:chloroform:water solution, separated from pigments and lipids by adding water and chloroform (Rose et al., 1991). Soluble sugars were determined with the
phenol sulphuric method, using 2% phenol and reading at 490 nm
(Chow and Landhäusser, 2004). The residual pellet was dried overnight at 50°C in a forced-air stove and the starch was then gelatinized
(Rose et al., 1991) and hydrolyzed to glucose with amyloglucosidase
(Sigma-Aldrich 10115) at 45°C overnight. Glucose was determined
similarly to soluble sugars (Chow and Landhäusser, 2004). Soluble
sugars and starch concentrations were expressed as milligrams per
gram of dry weight. Total NSC concentrations were estimated from
the sum of soluble sugars and starch. Carbohydrate pools for each
plant tissue were obtained by multiplying the biomass of each tissue
by its NSC concentration, and then the total seedling NSC pool was
obtained as the sum of the three pools (i.e., leaves, aboveground
wood, and roots). Because the size of NSC pools is affected by the
interspecific variation in seedling dry mass (Lusk and Piper, 2007),
NSC pools were expressed as the fraction (in percent) of seedling
NSC pool partitioned to each tissue.

• PIPER— NSC AND LIGHT REQUIREMENTS IN TREES OF CHILE

TABLE 3. Mean values (standard errors) of NSC, starch, and soluble sugar concentrations and fractions of the NSC pool in leaves, aboveground wood, and roots of seedlings grouped according to their
level of shade tolerance, harvested in late spring 2012 and late summer 2013 from the understory of a cold rainforest and a Mediterranean forest in southern Chile. Similar lowercase letters indicate
nonsignificant differences among tolerance categories for a given tissue, at P < 0.05, according to linear mixed-effect models; “a” and “b” indicate statistically significant differences according to the
same analysis.
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consequence of lower soluble sugar concentrations (Tables 2, 3).
Also, shade tolerant and mid-tolerant species had lower aboveground wood NSC fractions than their intolerant counterparts. In
the Mediterranean forest, similarly, root NSC and soluble sugar
concentrations, and aboveground starch concentrations were lower
in tolerant than in mid-tolerant and intolerant species, while root
NSC fractions were lower in shade tolerant and mid-tolerant species than in intolerant species (Tables 2, 3).
The patterns found for roots and aboveground wood contrasted
with those found for leaves: in both forests, leaf NSC concentrations
were similar among shade tolerance categories, and shade tolerant species had significantly higher leaf NSC fraction than shade intolerant
species (Tables 2, 3). Mid-tolerant species had leaf NSC fractions similar to both intolerant species in the cold rainforest and tolerant species

in the Mediterranean forest (Table 3). Leaf starch concentration increased with seedling height in shade tolerant species of the cold rainforest (i.e., significant interactions Tolerance x Height, Table 2; R2 =
0.49, P < 0.001), and in shade intolerant species of the Mediterranean
forest (R2 = 0.43, P = 0.012). In addition, in the Mediterranean forest,
the leaf NSC pool of intolerant species increased with seedling height
(R2 = −0.32, P = 0.05). Canopy openness had no effect on the relationships between shade tolerance and NSC (Table 2).
In both forests, patterns of root and aboveground wood NSC and
starch (but not of soluble sugars) in relation to shade tolerance were
affected by sampling dates (i.e., significant interaction Tolerance x Date,
Table 2, Figs. 1, 2). However, late spring NSC and starch concentrations
in woody tissues were not higher in shade tolerant species than in less
tolerant species. In both forests, root NSC concentrations were similar
between shade tolerant and intolerant species in the late spring,
and lower in shade tolerant than
shade intolerant species in the
late summer (Fig. 1). In the cold
rainforest, the latter was caused
by a decrease in the NSC concentration of shade tolerant species
in the late summer. In the Mediterranean forest, in contrast, this
pattern was driven by an increase
in NSC and starch concentrations of shade intolerant species
in the late summer ( Table 2 ,
Fig. 1). Furthermore, shade intolerant species in the Mediterranean forest increased their
aboveground wood starch concentrations in the late summer
(Table 2, Fig. 1). As an exception, aboveground wood NSC
concentrations in the cold rainforest were unaffected by sampling date.
Within a given shade tolerance category, there was a high
interspecific variation in NSC,
starch, and soluble sugar concentrations, and in the sampling
date effects (Fig. 3). Likewise,
NSC fractions were very variable within tolerance categories,
especially for roots and aboveground wood (Fig. 4). Except for
leaf NSC fractions, the interspecific variation in NSC was not
apparently related to shade tolerance (Figs. 3, 4).

FIGURE 1 Late spring and late summer nonstructural carbohydrate (NSC) concentrations per unit of dry mass in
leaves, aboveground woody tissues, and roots in large seedlings of shade tolerant, mid-shade tolerant, and
shade intolerant species established in the understory of a cold rainforest and a Mediterranean forest in southern Chile. Bars represent mean values and error bars represent standard error; hatched and nonhatched areas
symbolize starch and soluble sugars, respectively. Species included in each shade tolerance category are indicated in Table 1. Different lower case letters and asterisks indicate statistically significant differences at P < 0.05
between shade tolerance categories for a given sampling date and between dates for a given shade tolerance
category, respectively, according to linear mixed-effect models.

DISCUSSION
I found that shade tolerant
species did not have higher NSC
concentrations or pools in woody
tissues than their mid-tolerant

S E P T E M B E R 2015 , V O LU M E 102

• PIPER— NSC AND LIGHT REQUIREMENTS IN TREES OF CHILE

• 7

(Figs. 1, 2), which represents the
most active period of growth in
the studied species; i.e., when a
storage–growth tradeoff should
take place. Spring is also the period in which many evergreen
species tend to experience their
highest herbivory pressure (Coley
and Aide, 1991; Lowman, 1992;
Carus, 2009), and hence, when
traits (e.g., C storage) conferring advantages in the struggle
against herbivores should be
fully expressed. This result, then,
is not consistent with the view
that allocation of storage in
woody tissues at the expense of
growth promotes survival in low
light conditions (Kitajima, 1994;
Kobe, 1997).
The lack of a positive relationship between C storage in woody
tissues and shade tolerance in the
late spring could indicate that
C allocation to other sinks (e.g.,
growth, defenses) is more beneficial for low light persistence in
the examined forests. Baltzer and
Thomas (2007) found that light
requirements to survive were
highly correlated with light requirements to growth in Bornean
rainforest seedlings, suggesting
that some level of growth is critical for low light persistence. Consistent with this suggestion, in a
temperate southern Chilean forest, Nothofagus nitida had similar
storage, but higher survival and
FIGURE 2 Late spring and late summer partitioning of NSC pool in leaves, aboveground woody tissues, and
roots in large seedlings of shade tolerant, mid-shade tolerant, and shade intolerant species established in the growth rate than the relatively
understory of a cold rainforest and a Mediterranean forest in southern Chile. Bars represent mean values and more shade intolerant Nothofaerror bars represent standard error. Species included in each shade tolerance category are indicated in Table 1. gus dombeyi when seedlings of
Different lower case letters and asterisks indicate statistically significant differences at P < 0.05 between shade both species were grown under
tolerance categories for a given sampling date and between dates for a given shade tolerance category, re- experimental shade (Piper et al.,
2009). On the other hand, investspectively, according to linear mixed-effect models.
ment in chemical and structural
or intolerant counterparts (Table 3). This result was consistent bedefenses could be sufficient to protect shade tolerant species from
tween the two forests examined, in spite of their contrasting clidisturbances in some cases. For example, two winter deciduous
mates (i.e., cold-temperate vs. Mediterranean), physiognomies,
species with contrasting light requirements significantly differed in
and species composition (Table 1). I also found that mid-tolerant
their concentrations of leaf chemical defenses, but not in C storage
species did not have intermediate NSC fractions or concentrations,
or growth when they were compared in low light (Imaji and Seiwa,
as predicted by a survival-growth tradeoff (Poorter and Kitajima,
2010). Similarly, Poorter et al. (2010) found that low light survival
2007; Poorter et al., 2010). A lack of relationship between shade
after damage was strongly related to wood density and only modtolerance and C storage was also found in winter deciduous species
estly related to C storage in tropical species. Evidence from Chilean
of the Northern Hemisphere (Canham et al., 1999; Imaji and Seiwa,
Mediterranean forests suggests that shade tolerant species are
2010), and in evergreen species of southern Chilean temperate formuch better defended than less tolerant species: understory herests (i.e., Valdivian rainforest) (Lusk and Piper, 2007; Piper et al.,
bivory in Aristotelia chilensis was more than four times higher than
2009). While these studies assessed NSC concentrations at the end
in Persea lingue and Cryptocarya alba (Simonetti et al., 2007).
of the growing season, here I found this result not only for the end
Overall, I found that NSC concentrations in woody tissues of these
of the growing season (i.e., late summer), but also for late spring
species were much more similar (Fig. 3). A high investment in defenses
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been driven by drought. In very
humid tropical forests, drought
is a major determinant of seedling mortality and species distribution (Engelbrecht et al., 2005),
and NSC concentrations were
found to positively correlate
with drought tolerance in seedlings (O’Brien et al., 2014). It has
been suggested that a droughtshade tolerance tradeoff underlies southern Chilean rainforests
(Jiménez-Castillo et al., 2011);
this could explain the higher
aboveground wood NSC concentration in shade intolerant
species compared to tolerant
species in the cold rainforest
during late spring. The proposed
idea that drought may cause interspecific variation in C storage
in both forests is supported by
the fact that differences in root
and aboveground wood NSC
concentrations among shade tolerance categories were caused by
differences in soluble sugars (i.e.,
osmotically active) rather than
starch (Table 2, Fig. 1).
FIGURE 3 Late spring and late summer NSC concentrations per unit of dry mass in leaves, aboveground woody
High NSC concentration
tissues, and roots in seedlings of species differing in light requirements, established in the understory of a cold
rainforest and a Mediterranean forest in Chile. Bars represent mean values and error bars represent standard and pools in woody tissues of
error; hatched and nonhatched areas symbolize starch and soluble sugar concentrations, respectively. The x-axis shade intolerant species could
be also related to herbivory tolindicates abbreviated species names according to Table 1.
erance, especially in the cold
rainforest. Insect herbivory in
(i.e., herbivory resistance) could make herbivory tolerance unnechigh latitudes of South America is strongly controlled by temperaessary. If so, traits related to herbivory tolerance (e.g., C storage)
ture (Deutsch et al., 2008; Garibaldi et al., 2011). Because herbivory
will not be selected. Alternatively, high investment in both defenses
tolerance is thought to be especially selected in cases of severe defoand storage could be incompatible if they compete for limiting reliation (Haukioja and Koricheva, 2000; Piper and Fajardo, 2014),
sources (Leimu and Koricheva, 2006) (e.g., C availability in low
cold understories could limit the levels of damage making herlight).
bivory tolerance unnecessary to persist in low light. Conversely,
The lack of relationship between root and aboveground NSC in
warmer gaps could experience more damage, thus selecting for herthe late spring and shade tolerance could also occur if C storage patbivory tolerance in shade intolerant species. In line with this hyterns were driven by drought tolerance or fire resistance (Poorter and
pothesis, herbivory in southern Chilean rainforests was found to be
Kitajima, 2007; Poorter et al., 2010). Indeed, C storage prolongs plant
higher in gaps than in the understory, disregarding the apparently
survival under drought by mediating osmoregulation and maintebetter food quality found in the understory (Chacón and Armesto,
nance of vascular integrity (Hartmann et al., 2013; Mitchell et al.,
2006; Salgado-Luarte and Gianoli, 2010).
2013; ‘ O’Brien et al., 2014), and is important for resprouting after fire
In contrast to woody tissues, shade tolerant species had higher
(Bond and Midgley, 2001). High levels of C storage could be advantaleaf NSC fractions than their less tolerant counterparts (Table 3,
geous to recover from drought and fire, which are main causes of
Fig. 2). This result is most likely driven by the higher leaf biomass
seedling mortality in Mediterranean forests. Furthermore, drought
fraction characterizing large seedlings of shade tolerant evergreen
and shade tolerance were found to be unrelated in Mediterranean forspecies (Lusk, 2002; Lusk and Piper, 2007; Lusk et al., 2011), and
ests (Sánchez-Gómez et al., 2006), even with similar climate and
indicates that leaves represent the main stock of C storage in shade
physiognomy to the one I studied (Parada and Lusk, 2011). Likewise,
tolerant species. Higher leaf fraction in shade tolerant species is
shade tolerance and fire resistance are not apparently related in the
caused by longer leaf lifespan, which is thought to be advantageous
Mediterranean species studied here, because resprouting has been
in low light because it reduces foliage turnover costs (Lusk et al.,
reported in both highly shade tolerant and intolerant species (Veblen
2011). However, the fact that leaves are a major site of C storage in
et al., 1979; González et al., 2002; Donoso, 2006). Although the cold
evergreen species (Hoch et al., 2003; Fajardo et al., 2013; Piper and
rainforest is characterized by high rainfall, the root and aboveground
Fajardo, 2014), and that this storage is involved in the refoliation
NSC patterns in relation to shade tolerance at this site could also have
after partial defoliation (Piper and Fajardo, 2014) suggests that a
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shade intolerant species of the
Mediterranean forest increased
their root NSC concentrations in
late summer; this was not observed
in the cold rainforest (Table 2,
Fig. 1). Decreasing NSC concentrations during the growing
season are common in evergreen
species (Hoch et al., 2003; Rosas
et al., 2013), and the lack of such
decrease in shade intolerant and
mid-tolerant species of the cold
rainforest could be related to anticipated freezing temperatures affecting the C sinks (e.g., respiration,
bud formation) more than photosynthesis. Increased late summer
NSC concentrations in shade intolerant species of the Mediterranean
forest could result from an adaptive
strategy to provide carbohydrates
under drought (Dietze et al., 2014),
or from higher photosynthetic
rates when the winter deciduous
overstory opened in the late summer. Regardless of the mechanisms
involved, this result implies that
potential storage–growth tradeoffs
(underlying mechanisms of shade
tolerance) cannot be inferred by
assessing C storage at the end of
the growing season.

CONCLUSIONS
Late spring and late summer fractions of NSC pool in leaves, aboveground woody tissues, and roots
in seedlings of species differing in light requirements, established in the understory of a cold rainforest and a
Mediterranean forest in Chile. Bars represent mean values and error bars represent standard error. The x-axis
indicates abbreviated species names according to Table 1.
FIGURE 4

higher leaf C storage (as found for shade tolerant species) must be
advantageous for disturbance recovery. This idea is also consistent
with the herbivory observed in evergreen species growing in the
understory, which is often concentrated in young expanding leaves,
while the mature leaves (i.e., main C storage sites) suffer less damage (Coley and Aide, 1991; Poorter et al., 2004). Thus, the higher
leaf NSC pool in shade tolerant species could be associated with a
higher herbivory tolerance under low light conditions. If so, the results of this study would be compatible with the view of shade tolerance promoted by C storage. Comparative studies applying partial
defoliation in species with contrasting shade tolerances may be useful to determine whether leaf C storage promotes plant recovery
and low light survival after herbivory.
The sampling date had substantial effects on the NSC and starch
concentration patterns in woody tissues in relation to shade tolerance,
revealing seasonal inconsistency in the relationship between C storage
and shade tolerance. In addition, such inconsistencies were different
between forests. For example, shade tolerant species of the cold rainforest decreased their root NSC and starch concentrations in summer, but
this was not observed in the Mediterranean forest (Fig. 1). Likewise,

Shade tolerant species of two
southern South American forests
with contrasting climates did not
have higher C storage in woody tissues than their shade intolerant counterparts. Because I found this result in late spring, which is the period of maximum growth in the
studied species, this study does not support a tradeoff of C storage vs.
growth as a mechanism underlying shade tolerance (Kitajima, 1994;
Kobe, 1997). However, in line with that view, shade tolerant species did
have significantly higher leaf NSC fractions than their intolerant
counterparts, suggesting that remnant leaves after disturbances may
mediate seedling crown recovery and eventually, seedling survival in
low light. The interspecific variation in root and aboveground wood C
storage in these forests is most likely driven by drought or herbivory,
not low light.
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