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Abstract Tree rings ofPinus pinaster often contain intra-annual density fluctuations
(IADFs), which have been attributed to the sucaessif dry and rainy periods typical
of Mediterranean climate, but their formation ha$ been studied yet under Atlantic
climate. We analyzed the occurrence and climagaiicance of replicated IADFs in
ten monospecific stands in NW Spain. The frequeatyADFs was higher than
previously reported for this species under Mediieean conditions and consistently
decreased with increasing elevation. The formatibhands of latewood-like tracheids
within the earlywood was favored by dry previousgAst, cold previous winter and dry
April. Bands of earlywood-like tracheids within tearly latewood were also favored by
low winter temperatures. However, their occurrewas geographically heterogeneous,
with two groups of stands being defined by thestalices to the shoreline. In coastal
stands, cold May-August triggered IADFs formatiomhile in inland stands their
formation was favored by dry May-July. Regional tgmtemperatures and April water
balance were strongly related to the East Atlar{fi@?) pattern, which greatly
conditioned the occurrence of IADFs in the earlyd/cend the early latewood. By
contrast, the presence of bands of earlywood-ligeheids in the late latewood was
independent of the EA pattern, being strongly eeldb warm conditions in spring and
especially to a wet October. The link between negicclimate and the EA pattern
strongly controlled the physiological processest thatermine intra-annual growth

dynamics and short-term cell enlargemer®gbinaster in NW Spain.

Keywords Dendrochronology, false tree-ring3inus pinaster, Atlantic climate, water

balance, East Atlantic pattern
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Introduction

The integration of the effects of several environtakfactors operating at multiple time
scales on tree-ring growth make difficult to undiemgl the underlying mechanisms
responsible for triggering intra-annual cambialiaigt and growth dynamics (Fritts

2001). In fact, cambial activity in conifers mayryat a shorter time scale within the
growing season, leading to the formation of intnatsal bands of tracheids with
distinctive appearance, differing from those typwiathe early- or latewood parts of the
ring (Vaganov et al. 2009). Like the most widelyedsring-width records, small

variations in wood density within a tree ring arerphologically preserved in the wood
structure and can be easily differentiated andyaedl any time.

The intra-annual density fluctuations (IADFs) imders are areas of the tree ring
where wood density changes as a response to aysarttombination of environmental
conditions that modify the rates of cambial acyiiDe Micco et al. 2007). The term
IADF includes the so-called false rings, intra-aasinbands, light latewood rings and
double or multiple rings, which can be anatomicalharacterized by latewood-like
tracheids within the earlywood, or earlywood-likeacheids within the latewood
(Wimmer et al. 2000; Girardin et al. 2001; Riglirgt al. 2001). The visual
characterization of IADFs is given by changes ia wall/lumen ratio of the tracheids,
which corresponds with intra-ring variations in tH€/*“C isotopic composition of
cellulose, suggesting that IADFs are associategléstic responses to changes in
physiological stress (Park et al. 2006; De MiccaleR007).

Several external disturbance events such as ins#lateaks, and different climatic
triggers such as droughts, flooding, snowfall,rosts have been identified as causes of

IADF formation (Rigling et al. 2002; Hoffer and Thir 2009; Edmondson 2010). In
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addition, individual features such as canopy posjtgrowth rate and tree age can also
influence their formation (Copenheaver et al. 20B6gino and Bravo 2009; Vieira et
al. 2009). Usually, the presence of IADFs in theyseod is related to dry springs
followed by moist conditions, while moist summeenaause IADFs in the latewood
(Wimmer et al. 2000; Bouriaud et al. 2005). A widriety of woody species under
Mediterranean climate characterized by summer drowpd a high inter-annual
variability in precipitation and temperature comryoform IADFs (Cherubini et al.
2003). Among these species, IADFs in the Meditezaan pinesP. halepensis, P.
pinaster and P. pinea have been attributed to an irregular rainfall megiduring the
growing season (Campelo et al. 2006; De Luis e2@07; De Micco et al. 2007;
Bogino and Bravo 2009).

Pinus pinaster is a forest species of the western Mediterraneasmbinhabiting a
wide range of environmental and physiographic diooms. Its main populations are
located in the Iberian Peninsula, growing in bo#ttural and planted woodlands under
climatic conditions ranging from the extremely dand warm summers of the
Mediterranean areas in central and southern Spaimetmild and humid climate of the
Atlantic coast at its western range boundary inlbegian Peninsula (Alia et al. 1997).
Despite the great productive and conservationalonapce of P. pinaster under
Atlantic conditions, its intra-annual growth dynasiand sensitivity to limiting climatic
factors have not been studied in this region yetddd Mediterranean climaté.
pinaster presents IADFs in both the early- and latewood @uthe succession of dry
and rainy periods during the growing season (Bognd Bravo 2009; Vieira et al.
2009). The pronounced genetic and physiologicdékifices between the Atlantic and
Mediterranean populations (Bucci et al. 2007; Qareg al. 2008), and the contrasting

climatic regimes of both regions, suggest that ogmyironmental factors different from
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the alternation between dry and wet periods magritieal for the intra-annual growth
dynamics ofP. pinaster under Atlantic climate.

Regional climate in Spain is controlled by largeleccirculation patterns, such as
the North Atlantic Oscillation and EI Nifio-Southe@scillation, which significantly
influence rainfall regimes (Rodo et al. 1997; Trigioal. 2004). Therefore, large-scale
climatic patterns may also influence intra-annuabwgh of P. pinaster through
determining the variability of regional climate ebiions in NW Spain. This study is
aimed at (a) characterizing the occurrence patte@fsntra-annual wood density
fluctuations in Pinus pinaster over a tree-ring network at its northwestern range
boundary in NW Spain, and (b) identifying the regiband large-scale climatic factors

that drive the formation of different IADF typesder Atlantic climate.

Materials and methods

Study area

The study area comprises the region of Galicia, Slpdin, wherd®. pinaster grows at
its northwestern range boundary and covers over d7%e forested area in pure or
mixed stands, being one of the most important coroimewoods. Since the past
century, this species has been extensively plant&hlicia (Fig. 1a), and the resulting
even-aged stands are typically managed throught stodations of 40-50 years.
Regional climate is temperate and humid, with anm&anual temperature of 12.7 °C
for the period 1967-2005, ranging between 10.1 @4d °C. The mean annual
precipitation is 1,300 mm, ranging from 870 in gwuthern inland area to 1,800 mm

near the coast under more oceanic influence.

Climate data
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We used monthly gridded data from the datasetshef Climate Research Unit,
University of East Anglia (CRU TS 3, 0.5° x 0.53%ken from the Web site of the Royal
Netherlands Meteorological Institute (http://clinpeknmi.nl/), for mean temperature
(T) and total precipitation (P) for the period 198006. Since maximum temperature is
coupled to a minimum of rainfall during summer tjrpeecipitation data were just used
to calculate water balance (WB) as WB = P — PETer@hPET is the potential
evapotranspiration estimated as a function of nigntmean temperatures and
geographical latitude (Thornthwaite 1948). Mean thiynWB ranged between —73 mm
in July and 145 mm in December-January, showingnadncy to water deficit from
June to August. To characterize the climatic deteants of IADFs formation irP.
pinaster at a regional scale, mean values from the 0.5%5% @id boxes comprised
within the region (7.0-9.5° W, 42.0-44.0° N) weatualated.

Monthly indices of a series of teleconnective paggNorth Atlantic Oscillation,
East Atlantic pattern, East Atlantic/West Russiattgga, Scandinavia pattern,
Tropical/Northern Hemisphere pattern, Polar/Eurgstiern) were obtained from the
Web site of the NOAA/National Weather Service, GimPrediction Center, Maryland,
USA (ftp://ftp.cpc.ncep.noaa.gov/iwd52dg/data/inditede_index.nh). Among them,
only the East Atlantic (EA) pattern showed sigrafic relationships with IADFs records
of P. pinaster. EA pattern is a prominent mode of low-frequenayiability structurally
similar to the NAO, which consists of a north-sodtpole of anomaly centers spanning
the North Atlantic from east to west, whose positphase is associated with above-
average surface temperatures in Europe (Barnstbhiaazey 1987).

Monthly climatic variables were seasonalized toueal for winter (December-
February), spring (March-May), summer (June-Augustld autumn (September-

November). The considered window for exploring te&ations between climate and
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tree growth were from previous June (Jun(-1)) twezu November (Nov) for monthly
values, while for seasonal values they spanned fpognious summer (Sum(-1)) to
current autumn (Aut). Additionally, annual valuesre calculated by averaging

monthly values from previous October (Oct (-1)¢torent September (Sep).

Sampling, tree-ring dating and tree age estimation

We sampled 10 monospecific stands located botheatdastal and inland areas along
the full elevation range @?. pinaster in Galicia, from sea level to 855 m (Fig. 1b, Teabl
1). We measured DBH (bole diameter at 1.30 m),taol at least two increment cores
per tree from 15 to 24 dominant trees per stane. ddres were air-dried, glued onto
wooden mounts, and polished with successively fgrades of sandpaper, until the
xylem cellular structure was visible in the transeeplane. The tree-ring series were
absolutely dated by assigning calendar years toinigs following standard procedures
(Fritts 2001). Total ring widths were measured undagnification to the nearest 0.001
mm with a sliding-stage micrometer (Velmex Inc.p@&nfield NY, USA) interfaced
with a computer. The software COFECHA (Grissino-kay2001) was used to
quantitatively check for crossdating errors in tivegy width series. All series with
potential dating errors or weakly correlated witke tmaster site chronology were
corrected when possible or discarded.

In cores showing the pith, tree age at coring leimgds determined by the number
of crossdated rings. In partial cores showing ttes af the inner rings, the pith was
located using a graphical method based on the cgemee of xylem rays at the pith
(Rozas 2003), and the number of missing rings tdwhe pith was estimated by

extrapolating the mean growth rates from the inmstrfive rings in the cores. Tree age



168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

was estimated based on the oldest core per treecoNections for the number of

missing rings due to coring height were performed.

Intra-annual wood density fluctuations

The adequately dated cores were visually examinederu magnification for
identification of IADFs, which were distinguishetbiin actual tree rings due to their
non-sharp transitions in opposite to the markednbaties between annual rings
(Wimmer et al. 2000; Park et al. 2006). Based @vipus definitions folP. pinaster,
IADFs were classified into three types accordingttieir appearance and intra-ring
position (Vieira et al. 2009). IADFs type E werenta of latewood-like tracheids within
the earlywood (Fig. 2a). By contrast, IADFs typeand L+ were bands of earlywood-
like tracheids within the latewood (Fig. 2b), andan the transition between the
latewood and the earlywood of the following ringg(R2c), respectively.

An IADF in a given ring was considered when preserdt least one core per tree,
and was tabulated. The percent frequencies of @mesings per stand showing IADFs
of types E, L, and L+ were computed as descriptadistics of the IADF distributions.
The relative frequency of IADFs was calculated=as n,/N, whereny is the number of
trees showing IADFs in the yearandN is the number of trees in that year. Moreover,
the variance bias induced by the varying numberes rings per year was corrected by
calculating the stabilized IADF frequency Bsa, = FXN (Rigling et al. 2001)Fstan
series were calculated separately for the typels &)d L+ at each stand. In order to
estimate the dependence of IADFs frequency on agg and ring width, Spearman’s
correlations between ring age, mean ring width, Bgg, of each I1ADF type, were

calculated.
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We tested if the occurrence of IADFs I pinaster was independent from both
inter-site distances and differences between d#gatons using the standardized
Mantel statistic Ry). The Mantel test compares two similarity or dis& matrices
computed for the same objects, and behaves likereelation coefficient, being
bounded between —1 and 1 (Legendre and LegendB).IB® calculatdry we used the
matrices of similarity betweeRsi, chronologies and descriptive statistics of the FAD
distributions for the period 1967-2005, comparedtite matrices of geographical
distances and elevation differences among standsus®d Spearman’s correlation as a
measure of similarity betwedfy,, chronologies, and 1 Bnom as similarity between
descriptive statistics, beinQn.m the normalized difference ranging between 0 and 1
(Legendre and Legendre 1998). Since we compareiitgge matrices with distance
matrices, positive and negatiRg values would indicate more and less similar paster
respectively, at increasing distances or elevalifferences. The statistical significance
of Ry was tested by means of 9,999 random permutatibrene of the distance
matrices, to obtain the expected distribution @f skatistic under the null hypothesis of
independenceRy was calculated with the Mantel function from thepFPools v3.1.0

add-in for Microsoft Excel (http://poptools.org/).

Relationships between IADFs and climate variability

To analyze the relationships between climate arfdA#\ frequency at a regional scale,
we excluded from the analyses those years showbér frequencies that did not show
any significant replication within a stand. We uséde definition given by
Schweingruber et al. (1990) of “pointer year” téereo a group of trees in which most
of them display an event —in our case a densittdation— in the same year. The most

conspicuous IADFs replicated amongst a signifiganaportion of trees at each stand
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were considered using a significance test thattifiles) frequencies higher than a given
background value (Edmondson 2010). This backgrowmadue represents the
approximate frequency of an entirely random intemel occurrence, and was
calculated as the ratio between all IADFs and tha humber of dated rings at a given
stand. The frequencl was considered significant when the vake(F-(1-F)/N)*°
exceeded the random background value (Edmondsof).2@binter years showing
significant IADFs were identified separately foettypes E, L and L+ in each stand,
and a regional distribution was calculated for efgie as the year-by-year sum of
significant events at all stands (Appendix S1).

The analyses for relating climate and IADFs frequewere performed along
1967-2005, the common period for all IADFs recoidige to the abundant zero values
in the regional chronology of IADFs type E, we cé#ted the anomalies of all climatic
variables for pointer years in comparison to thpeeted means in the remainder years
without IADFs for the period of analysis (Masiokaad Villalba 2004). Monthly,
seasonal and annual climatic variables were noredliand the deviations of means
from years showing IADFs type E, with respect targenot showing IADFs, were
calculated. Standard deviations above 0.5 or beldws were considered as significant
positive or negative anomalies, respectively. Liigigegression analysis was also used
to identify those independent explanatory variablgth a significant effect on the
probability of occurrence of IADFs type E at a mwl level. The model was depicted
by P = 1/(1+**"X) whereP is the probability of an IADF occurrence € 0 indicates
non-pointer year? = 1 indicates pointer yeam,is the constant of the model abicare
the coefficients for the independent variabkesLogistic regression was performed by
a forward stepwise procedure and the best adjustmvas obtained by maximum

likelihood (Sokal and Rohlf 1995).
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For IADFs types L and L+, the reduced number of nalues allowed the use of
correlation analysis to identify the main climatigriables that determined the regional
IADF chronologies. To account for non-normality oégional IADF pointer-year
chronologies, we calculated Spearman’s rank cdioela between the regional
chronologies of types L and L+ and the monthlysseal and annual climatic variables.
Additionally, to evaluate the diversity of climatiiggers at a local scale, Spearman’s
correlations between loc#lg,, distributions and monthly gridded T and WB were
calculated. Finally, the relationships betweenaegi climate variability and EA pattern
were explored by means of Pearsons’s correlatidme Statistical analyses were

performed with the SPSS 15.0 for Windows packasS&Inc., Chicago IL, USA).

Results

Characteristics of trees and IADF distributions

The mean DBHSs of dominant trees at the sampledistaaried between 29.6—-66.7 cm,
and the mean estimated ages between 33-55 yednte (IR The reduced standard
deviations of tree ages suggested an even-agea doigthe majority of the sampled
stands. Almost 100% of the 498 cores analyzed stiolkd®Fs (Table 2). The
proportion of cores with IADFs type E was quite ighlte, ranging between 2.2 and
88.2%, while the proportion of cores with IADFsthre latewood was consistently high.
For IADFs type L, the proportions ranged betweer85800%, and 87.5-100% for the
type L+. A total of 19,513 tree rings were analyzeth the proportion of rings with
IADFs varying between 15.9-89.5% depending on itee $he proportion of rings
showing IADFs type E ranged between 0.0-9.0%, wthie types L and L+ were
comparatively more abundant, ranging between 3.89388or type L, and 7.9-66.9%

for type L+.

11
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Patterns of IADFs occurrence

No inter-site common trends in the relationshipsvieen the frequency of IADFs and
tree-ring age or ring widths were found. For th®F type E, there were no significant
relationships ofFsip With age and ring width. For types L and L+ sonoerelations
were statistically significant, both positive andgative, but no general pattern was
observed (Appendices S1, S2).

The similitude betweenFs, chronologies was neither related to inter-site
distances nor to the difference among site elensti@s shown by the Mantel test
(Table 3). The only exception was the IADFs type which showed a negative
relationship with inter-site distances, suggestiegs similar patterns of IADFs
frequency when increasing distance. The statistas IADFs distribution were
independent of the geographic distance, but wegeireral significantly and negatively
related to elevation differences. Additionally, agge correlations with elevation were
found for the proportion of cores showing IADFségE R = —-0.71,P = 0.021) and L
(R=-0.65,P = 0.041). The only exception was the proportiorares showing IADFs
type L+, which did not show a great inter-site &tidn. These results suggest more
frequent IADFs occurring at lower than at higheéesi irrespective of their geographical

position.

Climatic significance of IADFs

Composite regional distributions of pointer yearsdignificant IADFs were developed
for each IADF type, according to the random backgtbfrequencies for pointer year
recognition (Appendix S1). For IADFs type E, the ddinter years within the period

1967-2005 showed below-average temperature in Demerand previous winter,

12



292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

below-average water balance in previous August Apdl, and below-average EA
indices in previous December and April (Fig. 3agcérding to the logistic model, the
independent explanatory variables with a positivieece on the probability of
occurrence of IADFs type E were lower EA indicesAjril (Wald's testy® = 4.94,P =
0.026, coefficienb = —0.009), and reduced water balance in previauguat ¢ = 4.27,
P =0.039,b =-0.038).

The regional record of pointer years showing IARFgype L was significantly
correlated with both T and EA variability, but inpmndent from any variation in WB
(Fig. 3b). Pointer years for IADFs type L were niagdy correlated with winter and
annual T, and also with EA variation in previouscBeaber, previous winter, and its
annual variation. The local distributions Bf, for IADFs type L were negatively
correlated with T in January-February and May-Auguishe coastal sites (CAP, COR,
INS, MUR, VIG), but in the period May-August pos#i correlations with T were
found at inland sites (ALO, BAR, MCU, VER) (Fig. }aMoreover,Fg, for IADFs
type L in these inland sites showed also negativeetations with WB in May-July. All
these results suggest that temperature and waddalality in the growing season are
site-dependent triggers for IADFs type L formatiererting contrasting local effects on
intra-annual cambial activity.

By contrast, the regional record of pointer yearsIADFs type L+ is significantly
correlated with both T and WB variability, but inpndent from EA pattern (Fig. 3c).
Positive correlations with T in April, August, spg, and the complete year were found.
For WB, positive correlations were found in Octokand autumn, and negative
correlations in January and the complete year, vierad. The local analysis showed
that, in more than 50% of the cases and withoutdastynction between the coastal and

inland stands, IADFs type L+ responded positively tin March-May and August, and

13
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also positively to WB in October (Fig. 4b). Moreovéigh WB in May impacted
negatively on the formation of IADFs type L+.

According to the obtained correlations, the maigiaeal climate driver for the
formation IADFs type L was previous winter T, whishowed a decreasing number of
pointer years strongly related to the ascendingdti winter temperature (Fig. 5a). For
the type L+, the main climatic driver at a regiosahle was autumn WB, with more
frequent IADFs in those years with enough waterlabgity in autumn (Fig. 5b).

Several climatic factors revealed as major deteants of IADFs formation ite.
pinaster showed to be directly dependent on EA patternabdriy. For instance, mean
temperature of December and winter of the previgear were highly positively
correlated with EA in December (Fig. 6a) and wir{tég. 6b), respectively. In addition,
annual temperature was positively correlated withual EA R = 0.49,P = 0.001).

Moreover, water balance in April showed a positieerelation with April EA (Fig. 6c).

Discussion

Patterns of IADF occurrence

The frequencies of IADFs previously described fiffedent pine species under a wide
variety of climatic conditions were considerablwkr than those reported in this paper.
Under boreal or temperate climate, IADFs were olekin 9% of the tree rings at

maximum (Wimmer et al. 2000; Rigling et al. 2001lgpé€nheaver et al. 2006), and
under Mediterranean climate, they were observedipnto 15-32% of the rings

(Campelo et al. 2006; Bogino and Bravo 2009; Vieiral. 2009). In our study, eight

out of ten stands showed IADFs in more than 30%hefrings, six stands in more than

50%, and a maximum frequency of 89.5% of the rwgh IADFs was found. Despite
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IADFs are assumed to be special features or anesnalinormal tree-ring growth, in
the light of the observed frequencies, IADFs areaarthe rule than the exceptionfn
pinaster under mild Atlantic climate.

Studies on several pines, includify pinaster, showed that the frequency of
IADFs was negatively related to tree age and pagitito growth rates, being more
abundant in the juvenile period and during or imiaedy after periods with wider rings
(e.g., Copenheaver et al. 2006; Bogino and Braw®2bloffer and Tardif 2009; Vieira
et al. 2009). Our findings, however, showed no ddpace among IADFs frequency,
cambial age, and ring width, which can be due ® thduced age of our trees in
comparison with other works describing age-relagdfiicts. However, age-related
effects can be important in determining the higtgérency of IADFs observed, since the
sampled trees are not much older than 55 years|AdDEs frequency is usually much
higher for younger trees (Viera et al. 2009).

The frequency of IADFs was strongly dependent oevation, with more
abundant IADFs at lower than higher elevations. sEhevidences suggest that the
stressful effects of specific triggering factoraisiag short-term reduction/reactivation
of cambial activity and cell enlargement decreagé wcreasing elevation. A longer
span of the growing season at a lower elevatiorphatsably also contributed to higher
frequencies of IADFs.

As previous publications on pine species (Riglihgle2001, 2002; Campelo et al.
2006; Vieira et al. 2009), we found a higher fragmeof IADFs in the latewood than in
the earlywood oP. pinaster. Reductions of cambial activity at the early gnogvseason
are less likely than a later growth reactivatiorgbably due to the different duration of
growth periods for early- and latewood, and to nmegular weather conditions during

early in the active season. . halepensis under warmer and xeric conditions,
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earlywood formation lasts for only two months (Mato April-May), while latewood
growth is more time-consuming, extending up toepght months from May-June to
November-December (De Luis et al. 2007; Camareral.eR010). Accordingly, our
results suggest that latewood growthPofinaster in NW Spain could last for at least

six months, from May to October-November.

Climatic determinants of wood density fluctuations

We interpret the dependency of IADFs on climate the basis of particular
preconditioning and triggering climatic factors, age combined effects produced the
observed fluctuations in wood density.

Climatic drivers for the occurrence of IADFs in tearlywood ofP. pinaster
showed to be relatively heterogeneous throughaustady area, with very few IADFs
per stand, while a clear combination of climatidvelrs for their formation was
identified at a regional scale. Below-average watailability in previous late summer
(August), or below-average temperature in previowmter (December), are
preconditioning factors for the formation of baraddatewood-like tracheids within the
earlywood. Both factors are related to the amountarbohydrates stored in the
previous season and used for growth in spring (Blaasd Beck 1994; Lacointe 2000).
Water availability in summer can modulate the amafrcarbohydrates at the end of
the growing season, considering that summer droigimot as restrictive as under
Mediterranean climate, while photosynthetic acyivt P. pinaster can be inhibited by
low temperatures during winter (Medlyn et al. 200B¢low-average water balance in
April appears to be the actual triggering factarf&DFs type E, in combination to low
carbohydrate reserves at the beginning of the @astéason. Such relationships to water

availability in the early growing season were fouiod other conifers in different
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392 regions. For instance, the frequency of IADFs ie @arlywood ofP. nigra in the
393 northern Alps was negatively correlated with Maggpitation (Wimmer et al. 2000),
394 earlywood density oPicea abies in France responded strongly to fluctuations it so
395 water reserves in late spring-early summer (Bodrigiual. 2005), and drought in early
396 summer induced the formation of IADFs in the eadpd of the Mediterranean pines
397 P. pinea andP. halepensis (Campelo et al. 2006; De Luis et al. 2007). Moeroearbon
398 gain in winter can be allocated to growth of fireots, increasing their absorptive
399 capacity at the onset of following growing seadoscpinte 2000), which can contribute
400 to proper cell enlargement during the earlywoodmfation, and thus reduce the
401 frequency of IADFs type E. These findings highligie importance of water deficit for
402 the short-term inhibition of cell enlargement a¢ theginning of the growing period,
403 which combined with a low carbon availability carduce false-rings formation in the
404 earlywood ofP. pinaster under Atlantic climate.

405 The formation of IADFs type L are trigged by clintatonditions in late spring
406 and summer, but winter temperature regulating tiesis and the amount of
407 carbohydrates available for the following seasomnssl to be also a major
408 preconditioning. Radial growth depends on tree wsit@tus as a controlling factor for
409 the metabolism of the entire tree, but it also dejgeon the carbon balance as a source
410 of energy for metabolic activity and of compounds the cambial activity (Zweifel et
411 al. 2006). In evergreen conifers, the carbon supmiyneedle formation and cambial
412 activity is provided by mobilization of stored reses, complemented with new
413 photosynthates assimilated even during the coldosegHansen and Beck 1994).
414 Relatively high rates of winter photosynthesis stimmulated by elevated temperatures
415 in the previous winter (Schaberg et al. 1998; Medbt al. 2002), and bands of

416 earlywood-like tracheids in the latewood seemeadour less frequently when high
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440

temperatures occurred in previous winter. Therefangegative carry-over effect due to
less stored carbohydrates seems to be detrimemtajrowth, probably causing an
inhibition of cambial activity and the earlier beging of latewood formation due to
limited carbon reserves. If latewood is formed iearlthe probability of cambium

reactivation due to the occurrence of any favorablalition increases.

The climatic triggers for IADFs type L had a gequrmally heterogeneous
distribution within the study area, with two difégrt groups of stands. In coastal stands,
IADFs type L were favored by low temperatures inyMeaugust, when periods of low
water availability are common, though less pronednthan under a Mediterranean
climate (Martinez Cortizas et al. 1994). The hightev use efficiency and growth
potential of P. pinaster even under moderate water stress (Correia etCaB8)2 can
explain the greater frequency of IADFs type L itvleemperatures in late spring and
summer alleviate drought stress and promote cambaattivation. By contrast, a low
water availability coupled with high temperatureslate spring-summer increased the
probability of latewood IADFs occurrence in inlasnds. Cambium reactivation may
be promoted by positive water balance at shonee scales than the monthly periods
adopted in this work, as probably occurs in ouanadl study stands. These climatic
determinants for IADFs formation are not consisteith those previously described in
the literature, in which the combined effects oblcsprings-drought summers (Hoffer
and Tardif 2009), or the succession of cool andnweonditions in the active period
(Rigling et al. 2002) facilitate the formation dADFs. But these previous works were
performed in boreal pines under other limiting @i conditions, and they did not
distinguish different types of IADFs according teeir intra-ring position, then these

previous studies could not be comparable with esults.
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Density fluctuations of type L+ were preconditionbg warm/dry conditions
during most of the growing season, particularlyabywarm period from March to May
in dry years, and triggered by a wet October. Td@pendency on climatic factors is
consistent with those described for other Meditezem pines. InP. pinea and P.
halepensis, the occurrence of a spring-summer drought conabinigh early autumn
precipitation favored the formation of IADFs in tledewood (Campelo et al. 2006; De
Luis et al. 2007). Moreover, Vieira et al. (2008pwed that IADFs in the late latewood
of P. pinaster under Mediterranean conditions are strongly linkedwet autumns,
mainly in October. This response was uniformly obsé throughout our study area,
suggesting that the formation of IADFs type L+ msgs to very specific climatic
factors, and has a wide geographical and even -spiecific validity among
Mediterranean pine species.

A relevant finding of this paper is that IADFs ihet earlywood and the early
latewood ofP. pinaster in NW Spain were strongly linked to the EA pattelat not
those in the late latewood. This significant corimacwith EA was due to a direct link
between EA variation and the regional climatic drs/for the formation of IADFs at
the beginning and the middle of the growing seasomarticular, regional climate is
strongly related to EA pattern for temperature ievipus winter, and also for water
balance in April, which are major preconditioningdatriggering factors, respectively,
for the formation of IADFs types E and L. Althougbme connection between tree-ring
growth and other large-scale patterns, like thetiNétlantic Oscillation, have been
previously observed in southern Europe (Piovesah &chirone 2000; Rozas et al.
2009), this work demonstrates for the first timstrang link between IADFs formation

and the EA pattern, mediated by a robust largeesoaldulation of regional climate.
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IADFs and growth plasticity iR. pinaster

As other Mediterranean pineP, pinaster evolved during the Pliocene under
tropical-like climate, before the onset of the Medianean climate, as a component of
the pre-Mediterranean Arcto-Tertiary flora (Verduaé 2003; Petit et al. 2005). This
species survived to a past gradual increase ofityariduring the transition to
Mediterranean conditions, which may have led tochsracteristic growth plasticity
(Chambel et al. 2007). The expected growth behashould be partially related to the
intra-annual reduction/reactivation of photosynithetnd cambial activities typical of
Mediterranean and subtropical environments showeagonal aridity (Cherubini et al.,
2003). Also the vegetative cycle of Mediterranearep is usually markedly bicyclic or
polycyclic, often showing two or more growth unitseach annual shoot (Heuret et al.
2006; Barthélémy and Caraglio 2007). Polycyclismaischaracteristic expressing
adaptation to intermittent favorable conditions foggetative growth that is more
frequently expressed under Atlantic humid condgigAlia et al. 1997). The hormone
indol-3-acetic acid is produced in the younger $se@md exported basipetally to induce
the production of xylem and regulate the developalgorocesses during xylogenesis
(Aloni 2001), so that we can hypothesize that slgpotvth and cambial activity should
be related. Further investigations on intra-annweé-ring growth based on high-
resolution dendrometer measurements and xyloger{esys, De Luis et al. 2007;
Camarero et al. 2010), and their relationships witbot enlargement, should inform us

about the physiological and ecological significanE®ADFs as adaptive traits.
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619

620 Tablel Site and tree characteristics of theginaster stands

Stand name Code Latitude (N) Longitude Elevation Number of DBH+SD Age +SD
(W) (m) sampled (cm) (yn)
trees
Monte Aloia ALO 42° 05' 8041 530 21 46.2 +9.3 36
A Barrela BAR 42° 32 7° 571 620 24 66.7 £15.4 4 +
A Capelada CAP 43° 40’ 7°59' 340 23 45.0+9.0 32+
llla de Cortegada COR 42° 37 8047 20 22 54.4+95 52+6
Monte Insua INS 43° 08 90 09' 10 15 52.8+11.8 =34
Marco da Curra MCU 430 22 7°53' 590 20 29.6+£3.7 44
Muros MUR 42° 48 9° 04 155 22 56.6 +5.9 54 +3
Trabada TRA 430 25 7°13 640 23 45.7+6.8 50+5
Verin VER 42° 04' 7° 33 855 23 41.6 +3.5 43 +4
Vigo VIG 42012 80 39' 365 19 59.6 £8.3 557

621 DBH diameter at 1.30 m above ground

622
623

624
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625

626 Table 2 Descriptive statistics of the IADF distributionBhe period includes at least

627 five trees
Cores Rings

Code Period N  %IADFs %E %L %L+ N  %IADFs %E %L %L+
ALO  1967-2006 36 100.0 33.3 97.2  100.0 1081 540 3 2. 263 35.8
BAR 19612006 50 100.0 14.0 940  100.0 1951 69.7 0.7 11.9 61.9
CAP  1966-2006 45 97.8 20.0 97.8 97.8 1693 30.7 06 471 172
COR  1953-2005 34 100.0 88.2  100.0  100.0 1541 895 0 9. 388 66.9
INS 1967-2007 26 100.0 615  100.0  92.3 822 45.7 2.8 13.7 34.4
MCU  1961-2006 46 100.0 2.2 97.8  100.0 1914 36.1 0.0 136 26.8
MUR  1951-2006 42 100.0 309 1000 952 2172 562 8 0. 157 47.5
TRA  1951-2006 48 100.0 16.6 95.8 89.6 2427 15.9 0.4 84 7.9
VER  1964-2006 48 95.8 27.1 58.3 87.5 1894 18.3 0.7 37 13.9
VIG  1951-2007 33 100.0 636  100.0  100.0 1563 530 .0 3 283 31.3

628 N total number of cores or rings analyzé6,|ADFs percentage of cores or rings

629 showing intra-annual density fluctuatiods,E, % L and% L+ percentage of cores

630 or rings showing density fluctuations of the tyjged. and L+, respectively

631

632

633
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634

635 Table 3 Mantel tests for the comparison of inter-site alises and differences between
636 site elevations, with the similarities betweEga, Site chronologies and chronology

637 statistics for the different types of IADFs (nsnrsignificant test)

Inter-site distances Site elevations
Variables Ru P-value Rwv P-value
IADF chronologies FeanE 0.08 ns 0.13 ns
Faabl -0.30 0.021 -0.14 ns
Fstap L+ -0.15 ns 0.16 ns
IADF chronology statistics % cores E 0.01 ns -0.73 <0.001
% cores L 0.25 ns -0.64 <0.001
% cores L+ 0.11 ns -0.24 ns
% rings IADFs 0.05 ns -0.57 <0.001
% rings E -0.04 ns -0.61 <0.001
% rings L 0.07 ns -0.57 <0.001
% rings L+ 0.04 ns -0.49 0.001
638
639
640
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644

645

646

647

648

649

Pinus pinaster natural stands
Pinus pinaster planted stands

:i Study area

® Sampled stands

Fig. 1 a Location of the study area, and distribution ofunal and planted?inus
pinaster in Spain (http://iniagis.inia.es/Pinus%?20pina3tdy/ Location of the sampled

stands in Galicia, NW Spain. Stand codes are shiowable 1.
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(b)

Fig. 2 Aspect of the intra-annual wood density fluctuasiof the types B, L b and L+

c in P. pinaster based on their anatomical appearance and intgapasition. Vertical
arrows show the extension of the complete annumg. rE: Latewood-like tracheids
within the earlywood. L: Earlywood-like tracheidstiin the latewood. L+: Earlywood-
like tracheids near the transition between thenlatel and the earlywood of the next

ring. Scale bars: 1 mm
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665 Fig. 3 Standard deviations from mean temperature (T)embaalance (WB) and East
666 Atlantic pattern (EA) in those years with signifitd ADFs type Ea, and Spearman’s
667 correlation coefficients between the significanDIFs of types Lb and L+c and mean

668 monthly, seasonal and annual T, WB and EA in theogel967-2005. Horizontal lines
669 indicate the standard deviations —0.5 and 0.5,her lowest significantH < 0.05)

670 correlation coefficient, in absolute value
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Fig. 4 Number of significant Spearman’s correlation coefhts between thé&p
chronologies for IADFs of types & and L+b and local gridded monthly temperature
(T) and water balance (WB). Coastal (CAP, COR, INEBIR, VIG) and inland (ALO,
BAR, MCU, TRA, VER) stands are differentiated. Nigga numbers refer to negative

correlations
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685 Fig. 5 a Comparison of the observed number of signific&DHFs type L and mean
686 temperature (T) in previous winter. Note the regessale of T axish Comparison of
687 the observed number of significant IADFs type L+ avater balance (WB) in autumn.
688 The Spearman’s correlation coefficient®s)( and their significance valued?)( are
689 shown
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696 Fig. 6 Comparison of regional climatic variables for TdaWB (dashed lines) and the
697 EA pattern (solid lines and dots) for previous wmt a, previous December B, and
698 April WB c. Pearson’s correlation®) between EA and the regional climate series in
699 1967-2005, all of them significant at the 0.00Jeleare shown
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