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Regeneration dynamics in forest ecosystems depend on seedlings’ ability to
persist in shaded understories and, following canopy opening, to rapidly adjust
physiologically to new, contrasting light and soil moisture conditions. In this
study, we examined the real-time efficiency of the photosynthetic apparatus
and the short- to intermediate-term acclimatory response of photosynthetic
pigments on Nothofagus pumilio seedlings exposed to different light and soil
moisture levels. We evaluated phenology, chlorophyll fluorescence and pig-
ment content in leaves, on 2-3 years-old seedlings in a controlled greenhouse
experiment with three levels of light intensity (low = 4%, medium = 26%, high
= 64% of the natural incident irradiance) and two levels of soil moisture (opti-
mal = 40-60%, excess = 80-100% of soil field capacity). We measured six sam-
ples per treatment (light intensity x soil moisture levels) monthly during one
growing season (n = 216). Data were analyzed by multiple ANOVAs. Although
maximum quantum yield remained stable (> 0.80) across treatments, seedlings
exhibited differential eco-physiological responses primarily driven by light
availability. Structural investment was synergistic and negatively affected by
the light x soil moisture interaction, resulting in reduced leaf production,
chlorophyll, and carotenoids during peak season under the high-light and ex-
cess-soil-moisture treatment. Seedlings under medium light showed optimal
performance, with maximum pigment accumulation and high PSIl efficiency
without signs of chronic photoinhibition. N. pumilio seedlings decouple short-
term functional photochemical efficiency from their structural investment
strategy (pigment content), a mechanism that ensures survival under variable
canopy cover but results in reduced growth under sub-optimal conditions.
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Introduction

Understanding forest regeneration dy-
namics is essential for ensuring their con-
servation and predicting their responses to
natural and anthropogenic disturbances.
Nothofagus pumilio (Poepp. et Endl.) Kras-
ser is a native tree species of high ecologi-
cal and economic importance, widely dis-
tributed across Chilean and Argentine Pata-
gonia (Donoso et al. 2022). In these forests,
tree regeneration commonly persists in the
shaded understory for extended periods
(Rebertus & Veblen 1993, Rodriguez-Souilla
et al. 2023). This leads to the formation of a
seedling bank (Cuevas & Arroyo 1999) that
responds to canopy gaps caused by wind-
storms, logging, exotic beaver activity, or
avalanches (Heinemann et al. 2000, Henn
et al. 2016, Martinez Pastur et al. 2024). As
regeneration in southern temperate for-
ests is largely driven by gap dynamics, cur-
rent silvicultural prescriptions for N. pum-
ilio forests in Tierra del Fuego focus on cre-
ating canopy openings to promote natural
regeneration (Chaves et al. 2024). These
management approaches are implemented
through harvesting systems such as shel-
terwood cuts (Martinez Pastur et al. 2000)
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and variable-retention harvesting (Gustafs-
son et al. 2012), which modify canopy struc-
ture and resource availability. Light and soil
moisture are among the most critical fac-
tors affecting the growth and survival of
understory seedlings in austral forests
(Heinemann & Kitzberger 2006, Martinez
Pastur et al. 2011a, Rodriguez-Souilla et al.
2023). As a mid-tolerant to shade species,
N. pumilio responds positively to moderate
light intensity (Martinez Pastur et al.
2011b). Although low soil water availability
is a known limiting factor, excessive soil
moisture can also negatively affect seed-
ling performance, particularly in mesic for-
est species (Herrera-Bevan & Ibafiez 2024).
For example, in N. pumilio forests, site qual-
ity decreases when soil moisture exceeds
around 60% of field capacity (Martinez Pas-
tur et al. 2007), as reduced soil aeration
and altered nutrient dynamics constrain
root functioning and resource uptake (Peri
et al. 2009, Zhang et al. 2025). Although
several studies evaluated N. pumilio seed-
lings under extreme conditions, the eco-
physiological mechanisms underlying their
responses to sudden changes in light and
soil resources remain poorly understood
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Fig. 1 - Conceptual diagram of the arrangement of Nothofagus pumilio seedlings within
the greenhouse, along with a comparative photo of seedlings for each treatment
taken at the end of the growing season (March). Six blocks were established for each
combination of soil moisture treatments (optimal soil moisture; excess soil moisture)
and light intensity treatments (low light intensity; medium light intensity; high light

intensity).

(Peri et al. 2009).

Following tree logging, seedling survival
and rapid growth depend on their ability
to adjust to new microclimatic conditions
(Tognetti et al. 1998, Toro-Manriquez et al.
2019, Mestre et al. 2024).

While previous studies have character-
ized the growth and gas exchange pat-
terns of N. pumilio under different regimes
(Lencinas et al. 2007, Martinez Pastur et al.
2011b), the underlying photochemical
mechanism remains unexplored. Under-
standing the interaction between light and
water availability helps explain how soil
moisture stress significantly modulates a
plant’s ability to process light energy
(Hikosaka 2021). When soil moisture is ex-
cessive, metabolic limitations and reduced
nutrient uptake often decrease CO, assimi-
lation rates, creating a “sink limitation”. In
these conditions, absorbed light energy ex-
ceeds the processing capacity of the pho-
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tosynthetic apparatus, potentially intensi-
fying photo-oxidative stress under the high
irradiance levels typical of canopy gaps
(Murchie & Lawson 2013).

To evaluate these complex responses, we
combined chlorophyll fluorescence and
pigment analysis. Both approaches provide
complementary information about plants’
eco-physiological adaptation  capacity.
Chlorophyll fluorescence reveals the real-
time operational efficiency of the photo-
synthetic apparatus, whereas pigment con-
tent reflects dynamic acclimatory re-
sponses over short- to intermediate-time-
scales. Specifically, adjustments in light-
harvesting pigments (chlorophyll a and b)
and photoprotective pigments (carote-
noids) involve structural and biochemical
regulation in response to specific environ-
mental conditions. Assessing these factors
is essential to distinguish between short-
term functional resilience and structural

impairment under environmental stress. In
this context, evaluating physiological traits
can provide valuable insights into stress
levels, light-use efficiency, and the growth
potential of tree seedlings under different
understory conditions.

To analyze the effects of light and soil
moisture on N. pumilio seedling physiology,
we conducted a controlled greenhouse ex-
periment. This setup simulated different
harvesting scenarios, such as those result-
ing from canopy openings created by vari-
able retention and shelterwood cuts in
Tierra del Fuego (Martinez Pastur et al.
2007, 20113, 2011b, Ivancich et al. 2012). The
objective was to estimate the real-time effi-
ciency of the photosynthetic apparatus
and the short- to intermediate-term accli-
matory response of photosynthetic pig-
ments in N. pumilio seedlings exposed to
different light intensities and soil moisture
levels. We assessed this by measuring
chlorophyll fluorescence and photosyn-
thetic pigment content in leaves over a six-
month growing season . We hypothesized
that light intensity and soil moisture inter-
act synergistically to determine the physio-
logical performance of N. pumilio seed-
lings, such that extreme combinations
(high light and excess soil moisture) reduce
photochemical efficiency (®PSII, qP) and
increase photoprotective responses (NPQ
and carotenoids). In contrast, intermediate
light conditions and optimal soil moisture
promote higher chlorophyll content and
maintain photochemical performance, re-
sulting in a unimodal physiological re-
sponse across the light gradient modulated
by soil moisture availability. This approach
allows understanding of how N. pumilio
natural regeneration responds to contrast-
ing environments in terms of photosyn-
thetic function and acclimation to light and
water availability.

Materials and methods

Plant material and microclimate
growing conditions

Seedlings of N. pumilio, 2-3 years old,
measuring 6-7 cm in height, were obtained
from the understory of mature forests (54°
06’S, 68° 37" W). Seedlings were collected
in September, at the beginning of the
spring season in the Southern Hemisphere,
before budburst, from stands with high
canopy cover (94 #* 5%). Seedlings were
transplanted into plastic pots (14 cm diam-
eter and 15 cm height) filled with a sub-
strate of peat/sand/forest soil (1:1:1). The
substrate corresponded to a clay loam soil
(sand-silt-clay, 36-24-40%) with 7% organic
matter, pH 4.99, and soil field capacity of
81% (Martinez Pastur et al. 2007).

Incident solar radiation during the grow-
ing season (October to March) averaged
2085 + 534 pmol m? s?, with a maximum
absolute value of 2702 pmol m? s'. Plants
were grown in a greenhouse in Ushuaia
city (Tierra del Fuego - 54° 46’ S, 68°12' W)
during one growing season, under a 100
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pm commercial nylon cover to prevent nat-
ural rainfall. Three light intensity treat-
ments were established using zero, one, or
two layers of commercial black shade
cloth: high (1334.4 * 235.82 pmol m? s9,
i.e., 64% of natural irradiance), medium
(542.1 £ 74.65 pmol m? s7, 26%), and low
(83.4 £ 61.97 pmol m* s*, 4%). The low-light-
intensity treatment simulated the light con-
ditions typically found in primary forests,
while the medium- and high-intensity treat-
ments represented conditions typical of
harvested stands with varying canopy
opening (see Martinez Pastur et al. 2011b
for more details).

Temperature was controlled via forced
ventilation to ensure that canopy-level
temperature did not exceed 24 °C. Air hu-
midity, as well as air and soil temperatures,
was continuously monitored in each light-
intensity treatment using data loggers
throughout the study period (Fig. S1in Sup-
plementary material). Soil water content
was actively managed through manual irri-
gation to maintain two distinct treatment
levels: half of the plants were kept at 40-
60% of soil field capacity (optimal soil mois-
ture), while the other half were maintained
at 80-100% (excess soil moisture), repre-
senting a potential stress condition. For
each combination of light level and soil
moisture, six blocks of 40 plastic pots were
allocated in distinct positions within the
greenhouse (Fig. 1). Irrigation in the green-
house varied according to the combination
of light and soil moisture treatments (six
treatments in total) and was controlled
gravimetrically every 3 days throughout
the growing season in response to sea-
sonal changes in temperature and evapora-
tive demand. Pot weight was monitored,
and when pots approached the lower
threshold of each soil moisture treatment
(40% for optimal moisture and 80% for ex-
cess moisture), they were irrigated up to
the upper limit of the corresponding range.
Treatments under low and medium light
levels required lower irrigation frequency,
with 13 to 23 irrigation events applied
throughout the growing season, whereas
treatments under high light intensity re-
quired more frequent irrigation to keep
pots within the target soil moisture range
(36 to 45 irrigation events). Most of the
seedlings survived transplanting, with a
mortality rate of 0.5% to 2.4% in spring. Dur-
ing the first week of each month of the
growing season (October to March), six
plastic pots per block per treatment were
randomly chosen for measurements (6
seedlings x 6 treatments x 6 months, n =
216).

Sampling and measurements
Phenological status was monitored
monthly from the beginning of spring (Sep-
tember) to the beginning of autumn
(March). Each month, 30 plants were ran-
domly selected from each treatment, and
their phenological stages were recorded,
including budburst, leaf unfolding, full leaf

iForest 19: 311-320

Photochemical and photosynthetic variation in Nothofagus pumilio seedlings

expansion, appearance of first red leaves,
red leaves, and complete leaf fall. We also
recorded the number of leaves per plant as
a proxy for vegetative growth. This metric
has been used as an indicator of seedling
vigor and meristematic activity in response
to environmental stress (Pérez-Harguin-
deguy et al. 2013).

For chlorophyll fluorescence measure-
ments, randomly selected pots were
moved to controlled laboratory conditions
(12114 °C in complete darkness) for an 8-
hour acclimation period before measure-
ments. Chlorophyll fluorescence was as-
sessed in the first fully expanded, intact
leaf that remained attached to the stem.
Measurements were taken on one leaf per
plant, with six plants per treatment (n = 6
leaves per treatment), using a Chlorophyll
fluorometer (Model S151, Qubit Systems,
Kingston, Ontario, Canada). This instru-
ment uses a pulsed LED light source (peak
wavelength 660 nm, 50 Hz) to excite
chlorophyll fluorescence without inducing
photosynthesis. Emitted fluorescence is
detected through a long-pass filter (>700
nm), ensuring that only the fluorescence
emitted by the leaf in response to the
pulsed LED is measured. This setup enables
precise detection across a wide range of ir-
radiance levels, from complete darkness to
saturated light conditions. Each leaf was
exposed to a saturation pulse of high light
intensity (2250 pmol m* s™) for five seconds
to determine the following fluorescence
variables: fluorescence in the absence of
photosynthetic light (F,), which occurs
when all PSIl reaction centres are open;
maximum fluorescence level (F,), which
occurs when all reaction centres are
closed; variable fluorescence (F,), that is
the difference between F, and F.; maxi-
mum fluorescence under illuminated condi-
tions (F'm); steady-state yield of fluores-
cence in the light (F.); and zero level fluo-
rescence in the light (F',). From chlorophyll
fluorescence parameters, the following co-
efficients were calculated: the effective
quantum yield of PSII photochemistry
(OPSII = [F'n-F] F'n — Maxwell & Johnson
2000); photochemical quenching (qP =
[F'wF)/[F'm-F'o) — Genty et al. 1989); maxi-
mum quantum yield of PSIlI in dark-adapted
leaves (F,/F — Butler 1978); and non-photo-
chemical quenching (NPQ = [F/F'w]-1 - Bil-
ger & Bjorkman 1990). These standard pa-
rameters are widely used to assess photo-
synthetic responses, such as diurnal pho-
toinhibition and water stress (Chen et al.
2022), and to model light-response curves
of ®PSII (Yang et al. 2025).

Complementarily, chlorophyll and carot-
enoid contents were determined by a spec-
trophotometric method applied in Lichten-
thaler & Babani (2022). Fresh leaf discs (0.5
cm?) were obtained from the first fully ex-
panded leaf of the same plants where
chlorophyll fluorescence was measured,
and processed immediately after collec-
tion. Each leaf disc was placed in 2 ml of an
aqueous acetone-Tris buffer solution (80%

v/v, pH 7.8). This solution was centrifuged
at 1610 x g for 10 minutes at 20 °C. The su-
pernatant was used to determine ab-
sorbance at 470, 537, 647 and 663 nm with
a spectrophotometer to quantify pigment
concentrations and contents according to
Sims & Gamon (2002), including chloro-
phyll a (ChlA, mmol m?), chlorophyll b
(ChiB, mmol m?), total chlorophyll (ChIT,
mmol m?), ratio between chlorophyll a and
b (ChIA/ChIB), carotenoids (Car, mmol m?),
and ratio between total chlorophyll and
carotenoids (ChIT/Car).

Statistical analyses

For each response variable (number of
leaves, fluorescence and pigment vari-
ables), a three-way analysis of variance
(ANOVA) was performed, with month (Oc-
tober to March), light intensity (4%, 26%,
and 64% of the natural incident irradiance)
and soil moisture (40-60%, and 80-100% soil
field capacity) as fixed factors, including all
possible interactions among factors. Be-
cause most variables showed significant in-
teractions, we analyzed simple effects by
performing post hoc comparisons for each
factor at each level of the interacting fac-
tor (e.g., light intensity within each month)
using Tukey’s multiple range test (o =
0.05). Statistical analyses were performed
in R (R Core Team 2018).

Correlation analyses were conducted
among the response variables to evaluate
their relationships. Principal Component
Analyses (PCA) were performed on a ma-
trix of 36 rows and 7 columns to rank and
visualize multivariate responses of plants
by integrating pigment-related variables
with chlorophyll fluorescence parameters
across treatments at three representative
periods of the growing season: early spring
(October), mid-summer (January), and late
summer/early autumn (March). A subset of
eco-physiological variables was selected
for the PCA analyses to reduce redundancy
among correlated traits, prioritizing vari-
ables with stronger contributions to the
principal components and clearer treat-
ment-related responses. Correlation analy-
ses and PCAs were performed using the
“vegan” package (Oksanen et al. 2025) in R
(R Core Team 2018).

Results

Phenology and leaf production

The phenological status of the seedlings
defined the study period, which extended
from October to March (Fig. 2). At the be-
ginning of spring (September), all seed-
lings were at the budburst stage, followed
by leaf unfolding during October and No-
vember. From December onwards, distinct
patterns emerged in both the rate of leaf
development and the total number of
leaves. Seedlings reached an early plateau
in leaf number by early December across
three treatments (the two low-light condi-
tions and the high-light-excess-soil-mois-
ture treatment). Consequently, in these
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Fig. 2 - Seasonal progression of phenological stages (stacked bars, left Y-Axis) and leaf
number (black line and points, right Y-Axis) in Nothofagus pumilio seedlings under the
six studied treatments (combinations of light intensity and soil moisture), represent-
ing the interactions shown in Tab. 1. Different capital letters indicate significant differ-
ences among months within treatments, whereas lowercase letters indicate signifi-
cant differences among treatments within each month (Tukey test, p < 0.05). (L-E):
low light intensity x excess soil moisture; (L-O): low light intensity x optimal soil mois-
ture; (M-E): medium light intensity x excess soil moisture; (M-O): medium light inten-
sity x optimal soil moisture; (H-E): high light intensity x excess soil moisture; (H-O):

high light intensity x optimal soil moisture.

treatments, the highest proportion of
leaves was fully expanded in January, and
leaf number remained stable up to the end
of the growing season (Tab. 1, Fig. 2). In
contrast, leaf number continued to in-
crease significantly after December in the
other treatments, resulting in a higher pro-
portion of plants still bearing expanding

leaves during this period. Red leaves ap-
peared early under medium and high light
intensities (March), with the highest pro-
portion in the high-light treatments. The fi-
nal leaf number was significantly higher un-
der medium and high light with optimal soil
moisture (Tab. 1, Fig. 2). By April, all treat-
ments showed complete leaf loss.

Tab. 1- ANOVA results for the number of leaves in Nothofagus pumilio seedlings along
the growing season, considering month, light intensity, and soil moisture levels as fac-
tors and their interactions. (df): Degrees of freedom.

Number of leaves

Effects df —

F statistics p-value
Month 126.48 <0.001
Light 38.21 <0.001
Moisture 38.28 <0.001
Month: Light 10 6.33 <0.001
Month: Moisture 3.97 0.002
Light: Moisture 10.14 <0.001
Month: Light: Moisture 10 1.78 0.067
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Chlorophyll fluorescence

All raw fluorescence parameters (F,, Fm,
F'my Fy and F's) were significantly affected
by the three main factors studied, with
multiple significant interactions (Tab. S1 in
Supplementary material), indicating a com-
plex response at the signal level. In con-
trast, the derived physiological coefficients
(®PSII, gP, F,/Fm, and NPQ) were driven by
simpler dynamics, primarily affected by
seasonal variation and light intensity,
whereas soil moisture had no significant
effect on the main physiological coeffi-
cients (Tab. 2). Light intensity modulated
the temporal dynamics of three coeffi-
cients (OPSII, qP, and NPQ), generating dis-
tinct seasonal patterns (Tab. 2, Fig. 3). F,/Fn,
was the most stable parameter to the influ-
ence of light and soil moisture, varying only
across the season (p<0.01).

The efficiency of PSII photochemistry
(®PSII) and photochemical quenching (qP)
showed a consistent seasonal pattern, with
low values at the beginning of the growing
season, a peak during mid-season, and a
decline towards the end of the growing
season. This reflects the seasonal trajec-
tory of photosynthetic capacity, from initial
development through peak performance
to senescence. Light intensity modulated
the temporal trend, reducing photochemi-
cal efficiency in late summer via photoinhi-
bition or greater reliance on photoprotec-
tive mechanisms under high irradiance (Fig.
3). Non-photochemical quenching (NPQ)
showed contrasting responses depending
on light conditions, reflecting shifts in pho-
toprotective strategies. Under low light,
NPQ was higher at the beginning of the
season, whereas under high light, it in-
creased during mid- to late season, indicat-
ing enhanced energy dissipation at higher
irradiance (Fig. 3).

Photosynthetic pigments content
Photosynthetic pigment content in No-
thofagus pumilio seedlings exhibited clear
acclimation to light levels throughout the
growing season, while also being influ-
enced by soil moisture (Tab. 3). Chlorophyll
a (ChlA), chlorophyll b (ChIB), and total
chlorophyll (ChIT) were strongly and posi-
tively correlated with each other (Tab. S3in
Supplementary material) and varied ac-
cording to the interactions between month
x light intensity and between month x soil
moisture. Treatment effects on pigment
concentrations were not evident at the on-
set of the growing season. However, as the
season progressed, clear differences
emerged across light treatments. Seedlings
under low light initially accumulated higher
chlorophyll concentrations, whereas from
mid-season onwards, those under medium
light consistently exhibited the highest val-
ues, reaching peak levels towards the end
of the growing season (Fig. 4). Differences
in pigment composition were also ob-
served, with higher ChIB under low light
compared to high light, while ChlA showed
less consistent variation among treatments

iForest 19: 311-320
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Tab. 2 - ANOVA results of fluorescence coefficients in Nothofagus pumilio seedlings along the growing season, considering month,
light intensity and soil moisture levels as factors and their interactions. (OPSII): PSII photochemical efficiency; (qP): photochemical
quenching; (F./Fm): maximum quantum yield of PSII; (NPQ): non-photochemical quenching; (df): degrees of freedom; (F-stat): F sta-

tistics.
Effects df OPSII qP Fu/Fm NPQ
F-stat p-value F-stat p-value F-stat p-value F-stat p-value

Month 5 56.6 <0.001 50.1 <0.001 5.8 <0.001 18.9 <0.001
Light 2 1.7 0.193 0.9 0.415 0.7 0.488 5.9 0.003
Moisture 1 2.9 0.091 3.8 0.052 0.2 0.628 0.2 0.628
Month x Light 10 2.1 0.029 2.4 0.01 1.0 0.413 3.9 <0.001
Month * Moisture 5 0.6 0.722 0.8 0.553 0.7 0.592 1.8 0.119
Light * Moisture 2 0.9 0.394 0.5 0.615 1.6 0.205 0.2 0.795
Month x Light * Moisture 10 0.6 0.831 0.5 0.871 1.1 0.357 1.4 0.178

(Fig. 4). With respect to soil moisture treat-
ment across the growing season, a similar
pattern was observed for all three vari-
ables. Differences emerged in mid-summer,
when seedlings under optimal soil mois-
ture exhibited higher chlorophyll concen-
trations, whereas in March this trend was
reversed only for ChIT (Fig. 4).

Regarding the ChIA/ChIB ratio, values
were consistently higher under high light
intensity, peaking in March under both soil
moisture treatments (Fig. 5), and differ-
ences between high and low light intensi-

ties were evident for most of the growing
season. Under optimal soil moisture, differ-
entiation across light treatments was more
pronounced, with clear contrasts also
emerging between medium and low light,
whereas under excess soil moisture, differ-
ences were mainly restricted to high versus
low light conditions. Carotenoid content
was primarily driven by light intensity, with
higher values under medium and high light
compared to low light conditions, particu-
larly under optimal soil moisture (Fig. 5).
Under excess soil moisture, this pattern

was less consistent, indicating a weaker
differentiation among light treatments.
The total chlorophyll-to-carotenoid ratio
(ChIT/Car) showed the opposite trend, with
higher values at low and medium light in-
tensities than at high light across both soil
moisture conditions. This pattern reflects
the combined effect of reduced carotenoid
content under low light and increased chlo-
rophyll content under intermediate light
(Fig. 4, Fig. 5). Together, these patterns in-
dicate coordinated adjustments in pigment
composition, with increasing light intensity

Fig. 3 - Fluorescence coefficients in Nothofa-
gus pumilio across months for the three light
intensity treatments, representing the inter-
actions shown in Tab. 2. The data average the
values of the two soil moisture treatments
because soil moisture does not interact with
the other two factors. (OPSII): efficiency of
PSII photochemistry; (qP): photochemical
quenching; (F./F.): maximum quantum yield
of PSII; (NPQ): non-photochemical quench-
ing. Error bars represent the standard error.
Values followed by different capital letters
represent significant differences (p <0.05)
among months for each light intensity treat-
ment, while lower-case letters represent sig-
nificant differences (p <0.05) among light
intensity levels for each month, according to
the Tukey test. Underlined capital letters indi-
cate significant differences (p <0.05) among
months when light treatments are pooled,
i.e., when no interaction between month and
light was detected.
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Tab. 3 - ANOVA results of pigment content variables in Nothofagus pumilio seedlings along the growing season, considering month,
light intensity, and soil moisture levels as factors and their interactions. (ChlA): chlorophyll a (mmol m?); (ChIB): chlorophyll b (mmol
m?); (ChIT): total chlorophyll (mmol m?); (ChlA/ChIB): ratio between chlorophyll a and b; (Car): carotenoids (mmol m?); (ChIT/Car):
ratio between total chlorophyll and carotenoids; (df): degrees of freedom; (F-stat): F statistics.

ChlA ChiB ChIT Car ChlA/ChlIB ChlT/Car
Effect of F-stat p-value F-stat p-value F-stat p-value F-stat p-value F-stat p-value F-stat p-value
Month 5 81.3 <0.001 65.2 <0.001 75.1 <0.001 34.8 <0.001 83.8 <0.001 14.2 <0.001
Light 2 14.8 0.000 58.7 <0.001 20.0 <0.001 261.4 <0.001 18.6 <0.001 94.7 <0.001
Moisture 1 4.3 0.040 3.8 0.052 2.7 0.101 0.1 0.760 0.4 0.513 5.8 0.017
Month: Light 10 5.9  <0.001 7.3 <0.001 4.7 <0.001 52.0 <0.001 4.0 <0.001 5.0 <0.001
Month: Moisture 5 2.7 0.022 3.1 0.010 3.8 0.002 1.3 0.250 3.1 0.010 3.2 0.008
Light: Moisture 2 1.1 0.347 0.5 0.631 0.4 0.685 2.6 0.08 1.4 0.254 0.9 0.428
Month: Light: Moisture 10 1.3 0.210 1.4 0.194 1.5 0.143 2.0 0.040 2.4 0.010 3.5 <0.001
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Fig. 4 - Leaf tissue pigment content of chlorophyll a (ChIA),
chlorophyll b (ChiB), and total chlorophyll (ChIT) in Nothofagus
pumilio seedlings over the period studied and in three light
intensity and two soil moisture treatments, representing the
interactions shown in Tab. 3. When light intensity x month is
shown, the data are averages of the two soil moisture treat-
ments. When soil moisture x month is shown, the data are aver-
ages of the three light treatments. Error bars represent the
standard error. Values followed by different capital letters rep-
resent significant differences (p <0.05) among months for each
light intensity (or soil moisture) treatment, while lower-case
letters represent significantdifferences among light intensity
(or soil moisture) levels for each month, according to the Tukey
test.
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~
o

Chl T/Car

Fig. 5 - Ratio between chlorophyll a and b (ChlA/ChIB), carot-
enoids (Car, mmol m?), and total chlorophyll-to-carotenoid
ratio (ChIT/Car) in Nothofagus pumilio seedlings over the study
period under three light intensity treatments and two soil mois-
ture levels. Panels represent the triple interactions shown in
Tab. 3, separated by soil moisture treatment. Values followed
by different capital letters represent significant differences (p
<0.05) among months for each light intensity and soil moisture
treatment, while lower-case letters represent significant differ-
ences (p <0.05) among light intensity levels for each month and
soil moisture treatment, according to the Tukey test.
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promoting a shift from light-harvesting in-
vestment (higher chlorophyll content and
lower ChIA/ChIB ratio) towards enhanced
photoprotection (higher carotenoid con-
tent and lower ChIT/Car ratio). In turn, soil
moisture modulated this response, with
optimal soil moisture enhancing pigment
accumulation and photoprotective adjust-
ments.

Covariation between chlorophyll
fluorescence and photosynthetic
pigments

Chlorophyll  fluorescence-based photo-
synthetic performance was moderately as-
sociated with pigment content (Fig. S2 in
Supplementary material). NPQ was nega-
tively correlated with pigment content,
whereas ®PSII and qP showed positive re-
lationships, particularly with total chloro-
phyll content (ChIT). This relationship re-
flects the multivariate association patterns
of seedlings across different treatments
and key moments of the growing season
(Fig. 6). PCA ordinations integrated physio-
logical and biochemical traits into coordi-
nated patterns of trait covariation, reveal-
ing a consistent multivariate structure of
the photosynthetic apparatus. PC1 (37-42%
of explained variance) was predominantly
associated with chlorophyll content, with
ChlA and ChiB contributing most (Tab. S2).
PC2 (26-31%) captured a secondary gradient
of variation related to pigment ratios
(ChlA/ChIB and ChIT/Car), carotenoid con-
tent, and NPQ, and showed greater tempo-
ral variability. Across seasons, treatment
separation was primarily driven by light
availability: high-light conditions were
clearly separated across the three periods,
whereas medium and low light were also
distinguishable but showed greater over-
lap at the beginning of the season. In con-
trast, soil moisture had a weaker effect,
with differences occurring mainly within
each light treatment rather than generat-
ing a distinct overall separation pattern.
This pattern was most pronounced in mid-
summer, when treatment groups were
clearly differentiated. By March, treatment
effects were still apparent but less distinct,
with increased overlap among groups, par-
ticularly between soil moisture levels
within the same light treatments. This sug-
gests a seasonal convergence in seedling
physiological responses towards the end of
the growing season, while the main gradi-
ents associated with light and pigment
composition remain detectable.

Discussion

Seasonal phenology and adjustment of
the photosynthetic machinery

The leaf phenology of N. pumilio seed-
lings under greenhouse conditions was
largely consistent with the natural growth
patterns described for the species, al-
though leaf formation in natural forests
typically peaks in early summer (Premoli et
al. 2007, Mondino et al. 2019). The early
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plateau in leaf number observed under ex-
cess soil moisture and high irradiance re-
flects a developmental constraint, likely
due to environmental stress (either deep
shade or soil saturation) that accelerates
the leaf phenological cycle at the expense
of total structural growth, mirroring the re-
duced biomass reported by Lencinas et al.
(2007).

The transition from the shaded under-
story to the high-irradiance environment of
canopy gaps represents a critical bottle-
neck for Nothofagus pumilio regeneration
(Toro-Manriquez et al. 2019). Our results re-
veal that seedlings navigate this transition
through a differential allocation strategy,
prioritizing the maintenance of photosyn-
thetic function over structural investment.
While light intensity dictated the metabolic
“pathway” (photoprotection vs. light-har-
vesting), high soil moisture significantly
constrained the magnitude of this invest-
ment, as shown by the observed interac-
tions (Fig. 3, Fig. 4, Fig. 5). At the same
time, PCA ordinations (Fig. 6) reinforced
the central role of light availability as the
main driver of seedling eco-physiological
differentiation throughout the growing
season. This is consistent with our hypoth-
esis that physiological performance in N.
pumilio seedlings follows a light-dependent

Fig. 6 - Principal component
analyses (PCA) integrating
chlorophyll fluorescence
parameters and photosynthetic
pigment contents of Nothofa-
gus pumilio seedlings at three
representative periods of the
growing season: early spring
(October), mid-summer (Janu-
ary), and early autumn (March).
Each PCA represents the multi-
variate response of seedlings
under the different combina-
tions of light intensity and soil
moisture treatments. Points
correspond to individual plants.

Soil moisture

B Excess
@ Optimal

Light intensity
[@] High
|§| Medium

Low

response modulated by soil moisture avail-
ability. While a generalized synergistic ef-
fect was expected, the analysis indicates
that this interaction is trait-dependent: syn-
ergistic negative effects occur between
high light and excess soil moisture, primar-
ily expressed in structural traits, whereas
functional responses remain comparatively
stable. This partial decoupling allowed
seedlings to remain physiologically opera-
tional even when structural development
(leaf number and pigment synthesis) was
impaired by excess soil moisture or low
light intensity, highlighting the prioritiza-
tion of functional integrity under stress
conditions.

PSlII efficiency and energy dissipation
mechanisms (quenching)

The actual efficiency of PSII photochem-
istry (®OPSII) is modulated by the balance
between energy capture and metabolic uti-
lization (Murchie & Lawson 2013). The re-
sults show that OPSII remained stable
across treatments until late in the growing
season, with declines under high light con-
ditions, consistent with previous evidence
that, under stress, ®PSIl decreases more
rapidly as light intensity increases (Zait et
al. 2024). A similar response for photo-
chemical quenching (gP) reflects the pro-
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portion of open PSII reaction centers. The
reduction in qP under medium and high
light conditions indicates limited use of ab-
sorbed energy, likely associated with light
saturation (Murchie & Ruban 2020).

The sustained high F,/F, values (about
0.80) indicate no irreversible damage to
PSII (Mayoral et al. 2015, Krzeminska et al.
2024). The significant decrease in both ©OP-
SII and gP in the high-light treatment indi-
cates photochemical downregulation, a
state known as dynamic photoinhibition
(Murchie & Ruban 2020). The stability of
F./F therefore demonstrates the efficacy
of photoprotective mechanisms, primarily
high NPQ, in safely dissipating this excess
energy. This prevented acute downregula-
tion from escalating into chronic, damag-
ing photoinhibition (Takahashi & Murata
2008). Our results for N. pumilio were simi-
lar to those reported for Fagus by Cascio et
al. (2010) and Desotgiu et al. (2012), which
also showed no significant differences in
F.[Fm across different light conditions.

High NPQ under elevated irradiance indi-
cates a shift toward dissipating thermal en-
ergy when light supply exceeds photosyn-
thetic capacity, serving as a key photopro-
tective mechanism against excess light
(Mattila & Tyystjdrvi 2023). The higher NPQ
activity in expanding leaves at the begin-
ning of the season could be related to leaf
youth (ontogeny), as developing chloro-
plasts and lower photosynthetic capacity
require greater thermal dissipation to
avoid photo-oxidative stress (Hieke et al.
2002, Bielczynski et al. 2017). While we de-
tected a positive correlation between pho-
tochemical efficiency (®PSII, gP, F,/F,,) and
pigment content (Fig. S2 in Supplementary
material), it was not as strong as correla-
tions reported in other studies (Torres
Netto et al. 2005). Our results for photo-
chemical parameters did not support the
hypothesis of a synergistic interaction be-
tween stressors, as photochemical perfor-
mance was primarily driven by light inten-
sity rather than soil moisture, allowing
seedlings to maintain functional stability
across the two soil moisture levels ana-
lyzed.

Photosynthetic pigment content
adjustments

Consistent with the literature, pigment
content acclimation to light levels in N.
pumilio followed predictable patterns: pho-
todegradation explains the reduction in to-
tal chlorophyll under high irradiance (Tian
et al. 2021), whereas the lower chlorophyll
a/b ratio under shade represents an opti-
mization of light harvesting (Taiz et al.
2023). Thus, intermediate light conditions
represent an optimal balance for pigment
accumulation in this species, avoiding both
light limitation under shade and photodeg-
radation under high irradiance.

Reduced pigment concentrations under
saturated soil conditions during peak
growth reflect root-level stress, given that
excess soil moisture has been shown to im-
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pair root development in N. pumilio (Lenci-
nas et al. 2007, Martinez Pastur et al.
2011b). Such soil saturation hinders nutri-
ent uptake and, consequently, pigment
synthesis (Voesenek & Bailey-Serres 2015),
particularly in species such as N. pumilio,
which is adapted to well-drained, poorly
developed soils (Van Galen et al. 2021,
Mestre et al. 2024). Moreover, Peri et al.
(2009) reported that N. pumilio rapidly re-
duces its normalized net photosynthetic
rate under waterlogging conditions, fur-
ther supporting the species’ sensitivity to
soil saturation. Furthermore, high irradi-
ance intensifies pigment destruction be-
cause the plant cannot synthesize new
photosynthetic and photoprotective com-
pounds (e.g., carotenoids) quickly enough
(Déweler et al. 2021). Carotenoids play a
dual role, acting as accessory pigments in
light harvesting and as protectors against
photooxidative damage, protecting chloro-
phylls from destructive reactions (Lichten-
thaler 1987, Lichtenthaler et al. 2007, Rojas-
Rioseco et al. 2023).

Our results reveal a clear distinction be-
tween the temporal dynamics of functional
and structural traits. Photosynthetic func-
tion followed a seasonal divergence-con-
vergence pattern, peaking in January and
February before converging in March. This
discrepancy reinforces the decoupling be-
tween function and structure: while photo-
chemical efficiency is an immediate re-
sponse that declines during senescence,
pigment profiles represent a more perma-
nent strategic investment. The persistence
of treatment-specific pigment ratios
(ChlA/ChIB) towards the end of the grow-
ing season indicates that structural adjust-
ments outlast photochemical responses,
reflecting a lasting imprint of the environ-
mental conditions experienced by seed-
lings. This appears to reflect a strategic ac-
climation, a structural adjustment that inte-
grates resource availability with the plant’s
broader phenological context.

Phenotypic plasticity: management
implications and research perspectives
The mechanisms described above exem-
plify the high phenotypic plasticity of N.
pumilio, which may contribute to its ability
to cope with disturbed environments.
Overall, this study demonstrates a clear ac-
climation of N. pumilio seedlings to light
treatments influenced by soil moisture
throughout the growing season. Plants
preconditioned under a closed canopy
rapidly adjusted their photosynthetic physi-
ology (chlorophyll fluorescence and pig-
ment content) in response to the new light
regimes and soil moisture conditions. This
acclimatization capacity is essential for re-
generation survival after canopy opening
by silvicultural cutting. Our study suggests
that while seedlings can tolerate high irra-
diance through efficient photoprotective
mechanisms (as evidenced by high NPQ
and carotenoid accumulation), medium-
light conditions appear most favorable for

plants during their first years of life. Under
moderate light levels, seedlings maximized
chlorophyll content while maintaining PSII
integrity. These findings align with previ-
ous reports of N. pumilio seedling plasticity
in physiological variables such as photosyn-
thetic rates (Martinez Pastur et al. 2007)
and morphological traits (Lencinas et al.
2007, Martinez Pastur et al. 2011b). How-
ever, these findings should be contextual-
ized. While this study evaluated the plant
response over a single growing season,
plasticity is a gradual process that develops
over multiple seasons (Escobar-Sandoval et
al. 2021), and its adaptive advantages are
also shaped by ecological context and
competition with other colonizing species.
Furthermore, the optimal soil moisture
conditions in this study (well-drained, 50-
60% field capacity) reflect the high-quality
sites of primary forests (Martinez Pastur et
al. 2007). In contrast, the excess moisture
treatment reflects the post-harvesting
edaphic conditions in low-lying areas near
wet meadows and peatlands, where drain-
age is naturally restricted (Grootjans et al.
2010), or the novelty created by the expan-
sion of the invasive beaver (Castor cana-
densis —Henn et al. 2016). Therefore, to
gain a comprehensive understanding, it is
necessary to contrast these results with
other potential environmental scenarios,
such as rising temperatures and reduced
soil moisture, across a comparable canopy-
cover gradient to that analyzed in this
study. Evaluating seedling responses under
different scenarios, particularly in the con-
text of climate change, would help deter-
mine whether the observed plasticity is
sufficient to buffer the effects of a more
extreme climate, a critical consideration
for the long-term conservation and man-
agement of these forests.

Conclusions

Nothofagus pumilio seedlings show high
phenotypic plasticity, enabling to adjust
their photosynthetic apparatus during a
single growing season in response to
changes in light and soil moisture, condi-
tions that often occur after timber harvest-
ing. Seedling development early in the sea-
son is optimal under intermediate light
conditions. Although seedlings can tolerate
high irradiance through photoprotective
mechanisms, partial canopy cover allows
them to maximize photosynthetic perfor-
mance without suffering chronic stress.
This acclimation strategy could be sup-
ported by a differential physiological re-
sponse, in which seedlings rely on rapid,
short-term functional regulation (photo-
chemical efficiency) to cope with light fluc-
tuations, while their structural adjustment
investment (pigment synthesis) reflects a
strategic adjustment that integrates more
complex, chronic environmental stress fac-
tors, including soil moisture. This physio-
logical explanation supports the recom-
mendation to adopt silvicultural practices
that maintain partial canopy cover to pro-
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mote successful regeneration. By promot-
ing stable, intermediate light conditions,
the establishment and survival of seedlings
with a resilient physiological state is en-
couraged, which is key to ensuring the per-
sistence of forests in the face of increasing
climate variability.

List of abbreviations
The following abbreviations have been

used throughout the paper:

* F,: Fluorescence in the absence of photo-
synthetic light;

* Fre Maximum fluorescence level;

* F,: variable fluorescence;

* F'm: Maximum fluorescence in the light;

* Fi: Steady-state yield of fluorescence in
the light;

* F's: Zero-level fluorescence in the light;

* OPSII: Efficiency of PSII photochemistry;

* gP: Photochemical quenching;

* F./Fm: Maximum quantum yield of PSII;

* NPQ: Non-photochemical quenching;

* ChlA: Chlorophyll g;

* ChiB: Chlorophyll b;

* ChIT: Total chlorophyll;

* ChlA/ChIB: Ratio between chlorophyll a
and b;

* Car: Carotenoids;

* ChiT/Car: Ratio between total chlorophyll
and carotenoids.
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