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In an effort to compare the two modeling strategies (simple and generalized mixed modelling),
the distribution of the standardized residuals was evaluated graphically (Figure 6).

 

 

 

 

 

 
Figure 6. Cont.
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(A) Simple Mixed Model (MM2) (B) Generalized Mixed Model (GMM2) 

Figure 6. Comparison of the two modelling strategies, simple mixed model (A) and generalized mixed
model (B).

According to Figure 6, the two models performed equally well, with slightly better fitting of the
GMM2 model. However, both models revealed no trends of unequal variance across the total range of
the tested variables.

3.4. Evaluation

A total set of n = 362 trees from six randomly selected independent plots that were located at
different stands within the study area was used in order to evaluate the predictive ability of the simple
mixed (MM2) and the generalized mixed (GMM2) models. The fixed-effect (FE) corresponded to the
fixed-effect part of the corresponding model.

The value attributes of the independent sample were among those that were used for model
development, while the calibration of the mixed model random parameters was based on the random
selection of four trees.

After a series of combinations of random tree selection, the mean RMSE values of all the modeling
techniques were calculated, and they are presented in Figure 7. As it is shown in Figure 7, it can be
concluded that both mixed models (MM2 and GMM2), for which a pre-sample for calibration of four
random trees was used, could predict crown width with low RMSE, when compared to fixed models.
The RMSE for all six sample plots was 0.966 m and the mean bias was 0.0021 m for the MM2 model,
while the corresponding values for GMM2 were 0.933 m and 0.2557 m, respectively.

 

Figure 7. Root mean square error values per sample plot and total sample during model evaluation
against independent data of crown width-diameter. FE = fixed-effect part of the corresponding model
in the parenthesis.

The corresponding mean value as the minimum possible RMSE from the simple least square
analysis for each separate plot was 0.782 m for the basic model and 0.994 m for GM2, whereas the fixed
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parts (FE) of the mixed models presented the highest RMSE, that is, 1.232 m for MM2 and 1005 m for
GMM2. The mean bias of the generalized model (GM2) was about 0.445 m which is relevant to under
prediction biases of crown width.

4. Discussion

The models presented in the current article explained the greatest part of the crown width
variation, a finding that has also been pointed out by other relevant studies [33,34]. The crown
width-diameter allometry tends to be explained by a linear model, despite the slightly better
performance of the M2 model, which complies with the findings of Dawkins [42]. However, the
power-type M2 model was considered as more flexible since it was easy to be linearized and then
expanded to a mixed effect model. The same model for crown width modeling has also been used
by Russell and Weiskittel [57] and Sharma et al. [33,34]. In its simple form, the stem diameter is the
only predictor of crown horizontal dimension, which is not as accurate because such models seem to
overestimate crown size for dense stands and to underestimate it for sparse stands [33,58]. Indeed, as
it is shown in Figures 7 and 8, the simple model that only uses DBH as the independent variable, that
is the FE (MM2) model, presented the largest error values along with the most biased estimates of all
models that were tested. For this reason, a number of covariates at tree and at stand level were added
to increase the percentage of crown variation that could be explained by the model.

 

Figure 8. Mean prediction bias per sample plot and total sample during model evaluation against
independent data of crown width-diameter.

Basal area, as a measure of stand density, is expected to affect crown width [59], while the
canopy base height has been mentioned as a valid predictor of crown width by a number of relevant
studies [31–34]. Tree height has also been used as a valid regressor of crown width allometry at tree
level [31,32], while both the RSI and the fraction between diameter and quadratic mean diameter have
been found to affect crown width variation according to Ducey [29]. Sharma et al. [33,34] have used
the RSI in crown width modeling along with a number of other variables at tree or at stand level.
In our current research, as it can be concluded from Figure 4, the contribution of RSI in crown width
variation is increased, second only to basal area. However, the contribution of each parameter alone
is quite different than altogether, as long as the crown width expression is concerned. In this sense,
the differences that emerged were related to the overall contribution of each variable in crown width
modeling. From Figure 2, it is quite clear that as height increases, crown width increases too, which is
biologically valid. However, in conjunction with other variables (Equation (13) and Table 6), crown
width decreases as height increases. This, however, was reported much earlier by Briegleb [60], who
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concluded that “for trees of given diameter, the shorter trees have larger crowns than the taller”. As a
result, the value of the GM2 model can be evaluated in a biological base, since it explains the crown
width allometry by considering the combined effect of a number of parameters rather than the effect of
each one independently. In this sense, dominant height is expected to affect crown width according
to the findings of other relevant studies (e.g., [31,33,34]). In the current study, during the forward
modeling process, HDOM appeared strongly related to crown width, however after the inclusion of BA
and CBH, the associated parameter of HDOM turned to insignificant at the p > 0.05 level. In addition,
despite the positive correlation between crown width and RSI, an inverse relationship was detected
according to Equation (13). This phenomenon may be attributed to the inclusion of the basal area in
the model, which seems to affect crown width variation more than the other inherent predictors—a
hypothesis that is further supported by Figure 4. As such, RSI decreases as the number of trees and the
dominant height increases, however the basal area and the tree diameter provide a biological limit
which actually determines the size of the trees in the stand.

Another interesting outcome from the current study is the exclusion of DQMD variable from the
GM2 model after its expansion to mixed-effect. The inclusion of a random part in the model replaced
the contribution of the DQMD in the crown width variation, while the almost zero variance of β1

parameter in Equation (15) can be attributed to the combined effect of the inherent variables.
The expansion of the base model M2 to mixed-effect significantly improved the predictive ability

of the model. As can be observed in Tables 3 and 5, the efficiency index (similar to R2) increased to
13% in comparison to that of the base model, indicating that the random part explained a great part of
crown variation, which was not possible to explain before. This may be attributed to the increased
flexibility of the MM2 model, since both parameters were assumed to contain a random part. However,
during the evaluation stage, the sub-sample of four random trees at plot level was not sufficient enough
to restrict the potential error to the minimum possible; instead, the unbiased estimations increased
their overall efficiency. A possible disadvantage in using this technique is the typical lack of crown
size measurements in standard forest inventories [61], which might limit the practical use of mixed
effect modeling.

The inclusion of four predictors in the mixed model increased the model’s precision by 0.41%,
a relatively low rate, taking into consideration its increased complexity. During model evaluation,
the GMM2 model presented reduced prediction error in comparison to the MM2 model, however its
prediction bias increased, according to Figures 7 and 8, which was not observed during the model’s
calibration. Comparison between simple and generalized mixed models has been attempted earlier
by several authors. Temesgen et al. [62] demonstrated that a generalized mixed-effect model which
included both random and stand-level variables resulted in low RMSE reductions, compared to simple
mixed models which included random effects and tree-level predictors. The results of the current
study confirm this hypothesis, since the prediction improvement of the GMM2 model is relatively low
compared to the MM2 model as far as crown width modeling is concerned. The random part of the
simple MM2 model explained a large part of crown width variation, which the generalized GMM2
model managed to explain with the additional prediction variables.

Ease of use in forestry practice should be an important concern of the analysts towards the
development of such models. DBH and basal area are the main variables at tree and stand level,
respectively that are used extensively around the world in forest inventories and forest management
planning. Often, crown width allometry is used inversed [13], aiming at stem diameter calculations via
remote sensing techniques in order to estimate the wood standing volume within stands, a procedure
that could be further facilitated by using simple models calibrated at stand level. In this case, the fixed
part of the MM2 model is proposed for practical use in the field.

5. Conclusions

In conclusion, a crown width mixed effect model for crown size prediction of Black pine is
proposed in the current article. The model, which uses the stem diameter as the basic regressor,
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improves the fitting ability of the simple fixed effect model. It is also more accurate than a model which
includes a basic stand density covariate in its formulation, as it uses a number of random variables
that explain a great part of crown variation. By defining crown width allometry, a very useful tool for
wood volume estimation is provided, which can also be linked to remote sensing analysis in the frame
of sustainable forest management.
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Abstract: The dynamics of Scots pine (Pinus sylvestris L.) in Europe during the Holocene have been
spatially and temporally complex. The species underwent extirpation and reintroduction in several
north-west European countries. This study investigated the late Holocene vegetation history of a
present-day pinewood in western Ireland, to test the widely accepted hypothesis that P. sylvestris
became extinct in Ireland c. AD 400. Palaeoecological, chronological and loss-on-ignition analyses
were conducted on a sediment core extracted from an adjacent lake. The pollen profile showed
no major Pinus decline and a Pinus macrofossil occurred c. AD 840, indicating localised survival
of P. sylvestris from c. AD 350 to the present. The available archival maps and historical literature
provide supporting evidence for continuity of forest cover. The hypothesis that P. sylvestris became
extinct in Ireland is rejected. The implications for ecological management are significant. We argue
that P. sylvestris should be considered native to Ireland, at least at this site. As Ireland’s only putative
native P. sylvestris population and the western limit of the species’ native range, this site is of high
conservation value and must be carefully managed and monitored. Seed-sourcing for ex-situ forest
restoration must be compatible with the long-term viability of the population in-situ.

Keywords: conservation value; ecological management; forest ecology; native status; palaeoecology;
Pinus sylvestris; pollen analysis; the Burren; woodland ecology

1. Introduction

Palaeoecological data provide a valuable long-term perspective on contemporary ecosystem
dynamics but are under-utilised in conservation management [1]. Site-based palaeoecological studies
can provide an evidence base for conservation management decisions, particularly in determining land
use history, assessing naturalness and setting appropriate targets for restoration. However, published
examples in which palaeoecology is used to inform practical management decisions are rare [2].

Palaeoecological studies have shown P. sylvestris to be one of Europe’s most dynamic tree species.
Its postglacial history in northern Europe is considered particularly well known due to the abundance
of its pollen and macrofossils [3]. Its distribution in Europe over the last 13,000 years has been
mapped [4] and, in Britain and Ireland, over the last 10,000 years [5]. These maps record large-scale
range shifts but may not detect fine-scale, local distribution patterns [6].

P. sylvestris is a pioneer species with broad ecological tolerances. Its distribution is heavily
influenced by competitive interactions but it forms stable vegetation communities on nutrient-poor
soils [7]. It was most abundant in European forests during the early postglacial when, in response to
climatic amelioration, it migrated rapidly across the northern European lowlands at up to 150 km per
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Forests 2018, 9, 350

century. It formed pioneer Pinus-Betula forests, which were most extensive from c. 9500–7000 cal BP
(calibrated radiocarbon years before AD 1950) [4,8]. P. sylvestris then declined in the south, while
its northern range limits continued to expand, colonising north-west Scotland c. 9900 cal BP and
northernmost Fennoscandia by c. 8500 cal BP [9,10]. P. sylvestris underwent marked range reductions
in north-west Europe c. 4500 cal BP. This Pinus decline is an important pollen stratigraphic marker,
observed in northern Scotland, England, Ireland and Finland, probably due to a large-scale climatic
shift to wetter conditions and associated competitive exclusion [11–15]. It appears that P. sylvestris
became extinct in several north-west European countries including Denmark, the Netherlands,
Belgium, England, Wales and Ireland [5,16–19].

P. sylvestris colonised Ireland relatively early in the Holocene; one of its earliest records, evidenced
by pollen and macrofossils, is from Gortlecka in the Burren c. 10,500 cal BP [20]. Pinus was the
dominant arboreal pollen type in most western and upland sites for at least part of the early Holocene
and an important component of raised bog, river valley and upland habitats. A major Pinus decline
began c. 4500 cal BP, possibly due to climate change, competition with Alnus glutinosa, blanket bog
expansion and human activity [5,6]. A late outpost occurred at Gortlecka; Pinus pollen and macrofossils
were present c. 1050 ± 160 cal BP/AD 900 [20] but Watts, the author of that study, expressed concern
that this date may be too young. The latest unambiguous record was a preserved stump from Clonsast
Bog, a raised bog in County Offaly. This was directly dated to 1550 ± 140 cal BP/AD 400 [21], at which
point P. sylvestris is widely believed to have become extinct in Ireland [6]. The species’ supposed
extirpation is of great interest as it is asynchronous between sites across Ireland and the apparent
causal factors differ between sites [20].

P. sylvestris was reintroduced to Ireland in the mid-17th century and has been widely planted [22].
Due to its supposed extirpation and reintroduction, the native status of P. sylvestris is disputed, causing
inconsistencies in conservation and forest management policy [23]. The Native Woodland Scheme
provides funding to plant P. sylvestris when establishing or restoring native woodland [24] yet the
Irish Peatland Conservation Council lists it as an invasive alien species [25]. Further palaeoecological
research is urgently needed to determine if P. sylvestris became extinct in Ireland and to clarify its
native status.

This study examines the late Holocene vegetation history of a pinewood in western Ireland,
to test the widely accepted hypothesis that P. sylvestris became extinct in Ireland. Palaeoecological
evidence is presented for localised survival of native P. sylvestris from 1600 cal BP/AD 350 to the
present. The available historical sources and archival maps indicate a long history of woodland cover.
Recommendations for the ecological management of the site are presented.

2. Materials and Methods

2.1. Site Description

Rockforest Lough (53.005, −8.958, Irish Grid Reference R 356 953) is situated 10 km north-east
of Corofin, County Clare, western Ireland at 16 m above sea level (Figure 1). It lies on Carboniferous
Limestone in the Burren, a karstic area covering over 300 km2 and renowned for its rich archaeological
heritage and plant diversity [26,27]. The climate is oceanic; mean rainfall is 1400–1600 mm and mean
air temperature is 10 ◦C (1981–2010) annually. The prevailing winds at Shannon Airport, County Clare
(1946–2010) are south-westerly [28].
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Figure 1. Location of Rockforest Lough and other pollen sampling sites mentioned in the text.

Satisfactory coring sites can be difficult to obtain in the karstic limestone of the Burren. Permanent
lakes with brown algal mud are preferable to turloughs, swamps and lakes with carbonate mud,
as pollen preservation is better and the hard water effect, which impairs radiocarbon dating, is less
pronounced [20]. Rockforest Lough is a permanent lake c. 8 ha in area with a deep basin (7.48 m)
and a shallower arm to the north-east. Its pollen source area is estimated to be 300–800 m (after [29]).
The water level varies seasonally due to karstic hydrology [20] but the basin has not been known to
dry out, at least in living memory (J. Cunningham, pers. comm.). It is bordered by reeds with pasture
on glacial till to the south and limestone pavement to the north. Rockforest House is located on the
south-western edge of Rockforest Lough (Figure 2). A pinewood occurs on limestone pavement c.
500 m to the south-west. Stunted, mature P. sylvestris is scattered through patchy Corylus avellana
scrub. P. sylvestris regeneration is scarce. The species-rich vegetation was surveyed and classified as
the Corylus avellana–Brachypodium sylvaticum pinewood type, which has affinities with Norwegian
basiphilous pinewoods [23,30]. The woodland is located in the state-owned Burren National Park
and the East Burren Special Area of Conservation, which is protected under the European Union (EU)
Habitats Directive (92/43/EEC).
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Figure 2. Aerial photograph (2000) showing the locations of (1) Rockforest Lough, (2) Rockforest Wood,
(3) Rockforest House, (4) Corofin to Gort road/Bealach an Fhiodhfail [31].

2.2. Coring

Coring was conducted in the deepest area of Rockforest Lough on 18–19 June 2008. A short
core (RFB, 81 cm) was extracted with a modified rod-operated plexiglass piston corer, preserving the
sediment-water interface, and vertically extruded at 1 cm intervals on-site. The lower sediment (RFC)
was sampled to a depth of 153 cm using a Livingstone corer [32]. The cores were wrapped on-site,
stored at 4 ◦C and sliced at 1 cm intervals in the laboratory.

2.3. Loss-on-Ignition (LOI)

To ensure sufficient material, 2 cm thick samples were used for LOI analysis. Using a Thermolyne
Type 6000 furnace, oven-dried, weighed samples were ignited for five hours at 550 ◦C to estimate
organic content and three hours at 950 ◦C to estimate carbonate content [33]. The LOI profile was used
to match the cores.

2.4. Chronology

Spheroidal Carbonaceous Particle (SCP) extraction followed Rose [34,35] with some modifications
due to abundant fine material and low SCP numbers [14]. Sample dry weights were increased to
0.6–4.7 g; solvent volumes were increased accordingly. To remove fine material and facilitate counting,
samples were filtered using a 10 μm sieve. To avoid the hard water effect, terrestrial plant macrofossils
were sieved or hand-picked from the sediment. Eight macrofossil samples were radiocarbon dated
using accelerator mass spectrometry (AMS). A chronology was generated using Bchron (version 3.1.4
with the IntCal13 calibration curve), a Bayesian modelling method which uses stochastic linear
interpolation [36].

2.5. Pollen Analysis

Pollen analysis was conducted on 1 cm thick samples at 8 cm intervals, reducing to 4 cm in the
upper core. Sediment subsamples of 0.5 cm3 were treated by standard methods [14,37]. Lycopodium
tablets were added to enable pollen concentration calculation [38]. Samples were mounted in silicone
oil and counted with an Olympus BX40 microscope at 400× magnification and 1000× under oil
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immersion when required. Slides were systematically checked for Pinus stomata during routine
pollen counting. Pollen and spores were identified following Moore et al. [37], the illustrations of
Beug [39] and Reille [40] and a reference collection held by Trinity College. Nomenclature followed
Moore et al. [37], excepting the aggregation of the Urticaceae, Polypodium, Rumex and Coryloid taxa.
Coryloid pollen was assumed to be Corylus avellana, which is much more frequent than Myrica gale
in the Burren [26]. A minimum of 400 identifiable terrestrial pollen and spores were counted from
each sample. Indeterminate grains were also counted. A percentage pollen diagram was generated
with TILIA version 2.0.19 [41]. The pollen sum was total terrestrial pollen and spores including
indeterminate grains. The latter were included to reduce overrepresentation of Pinus as its distinctive
pollen morphology makes it less likely to be classified as indeterminate. Concentrations were examined
to ensure that no major changes arose that were not observed in the percentage pollen diagram.

3. Results

3.1. Loss-on-Ignition (LOI)

The sediment comprised homogeneous brown algal mud. Mineral input was relatively stable
from 153–35 cm (Figure 3), with a mean of 32.0%. It increased abruptly at 33 cm, with a mean of 34.4%
until the present. Peak values exceeded 38.6% at 7–11 cm.

Figure 3. Loss-on-ignition (LOI) profile for Rockforest Lough.

3.2. Chronology

SCPs, produced from fossil fuel combustion and preserved in lake sediments, provide a
historical record of atmospheric pollutant deposition. SCP concentration profiles are consistent and
often regionally characteristic such that the main profile features can be used for sediment dating.
The Rockforest SCP record began at 13 cm (Figure 4). SCP numbers were low initially, likely due to low
levels of industrialisation in the region. A rapid increase and sub-surface peak appeared at 8 cm and
7 cm respectively. Based on mean dates from Irish SCP profiles [42], these features were assigned to
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the 1880s, 1960s and 1981 respectively (Table 1). A second rapid increase at 4 cm was assigned to 1985,
when Moneypoint Power Station, c. 50 km to the south-west, was commissioned. The filtration of
samples may have selectively removed SCPs generated by oil combustion, which are usually smaller
than those from coal [34]. However, as the nearest power station is primarily coal-fired and the main
profile features described by Rose et al. [42] were observed, selective removal does not appear to have
been a significant issue.

The chronology is well-constrained in the upper metre but less so below as fewer dates were
obtainable (Table 1). The model excluded an anomalously old date from bulked organic material at
72–74 cm (Figure 5). Sediment accumulation was relatively constant in the upper metre (0.7 mm year−1)
but considerably lower below (0.1 mm year−1). Pollen analysis was confined to the upper 112 cm due
to increased uncertainty in the chronology below the AMS date at 104–107 cm.

Figure 4. Spheroidal Carbonaceous Particle (SCP) concentration profile for Rockforest Lough.

Figure 5. Bchron age-depth model for Rockforest Lough based on dates given in Table 1.
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3.3. Pollen and Macrofossil Stratigraphy

Figure 6 spans from c. 1600 cal BP/AD 350 to the present; 68 terrestrial taxa were recorded.
Pollen preservation was sub-optimal with frequencies of 10.3–29.1% indeterminate grains. These were
included in the pollen sum to reduce overrepresentation of Pinus. Arboreal pollen (AP) dominates
throughout, ranging from 54.6–73.0%. The Pinus signal is consistently high, peaking at the base of the
profile (51.3%) and never falling below 38.2%. Corylus is frequent throughout. Betula, Alnus, Quercus
and Ulmus are present at lower frequencies. Fagus appears in the upper half, becoming consistently
present at 24 cm. Poaceae dominate the non-arboreal pollen, increasing gradually from 3.5–10.3%.

No Pinus stomata were found. Macrofossils were scarce but a Pinus needle and Pinus wood
fragment were found at 66 and 153 cm respectively.

4. Discussion

The pollen profile is relatively static. It opens with relatively high AP frequencies (71%) from c.
1600–1450 cal BP/AD 350–500 (Figure 6). Pinus dominated, indicating an open woodland structure as
P. sylvestris cannot tolerate heavy shade from other trees [7]. Alnus may represent regional pollen as
Alnus macrofossils were not recorded at Gortlecka [20] and it is rare in the Burren today [26]. This period
of high AP frequencies may represent the Late Iron Age Lull (LIAL), when declining farming activity
resulted in widespread woodland regeneration. The LIAL appears in other pollen profiles from the
area, at Lios Lairthín Mór and Molly’s Lough (Figure 1), from c. 1950–1450 cal BP/AD 0–500, typically
followed by declining AP indicating a resumption of human activity and woodland clearance [43,44].
Indeed, AP declined at Rockforest during the early medieval period c. 1450–1300 cal BP/AD 500–650.
Pinus fell to its lowest frequency, 38.2%, c. 1300 cal BP/AD 650 but still dominated the AP.

For the remainder of the early medieval period, and until c. 800 cal BP/AD 1150, little change
was observed overall. A P. sylvestris needle found in the sediment at 66 cm demonstrates that Pinus
was locally present at 1110 cal BP/AD 840. From c. 800–50 cal BP/AD 1150–1900, AP and Pinus rose
gradually. Mineral input increased abruptly at 600 cal BP/AD 1350, which may reflect intensified
human activity in the lake catchment. However, this was not apparent in the pollen profile as AP and
Pinus continued to rise. The non-native Fagus peaks c. 125 cal BP/AD 1825. Between c. 50 cal BP/AD
1900 and the present, mineral input and Poaceae reach maximum values, indicating intensive human
activity and grassland expansion, while AP and Pinus decrease. The overall rise in Poaceae from 1600
cal BP/AD 350 to the present indicates the gradual opening up of the woodland and expansion of
open grassland. The Cerealia signal, though discontinuous, indicates arable farming.

While palaeoecological methods are most effective in elucidating woodland history [45],
archaeological and historical sources are essential in data interpretation [46]. The archaeology within
a 1 km radius of Rockforest Lough includes a fulacht fia (putative cooking pit), earthwork, ringfort
(residence or farmstead generally dating to AD 500–1000) and tower house (fortified house generally
dating to AD 1400–1600) [47].

Rockforest is referenced in historical sources, which refer to both woodland cover and human
activities. The ancient name of Rockforest Wood was Coill Ó Flanchada. The Wars of Thomond affected
County Clare in the 12th–14th century. A strategically important pass, Bealach an Fhiodhfail, once the
main route from Clare to Galway, now the Corofin to Gort road, went through the wood [48] (Figure 2).
A battle was fought at the entrance to the wood to contest the pass in 1311 and a defeated force fled
through it in 1314 [49]. The Annals of the Four Masters recorded that in 1599 Red Hugh O’Donnell’s
army massed at the “eastern extremity” of the wood and marched “through the centre of Coill Ó
Flanchada, through Bealach an Fhiodhfail” [50]. In 1655, the Down Survey showed that the only timber
woods in this barony (Inchiquin) lay in this parish (Kilkeedy), occurring in nearly every townland
in the parish. Covering 850 ha, they likely formed one of the county’s largest woods [51]. Henry
Pelham’s Grand Jury Map of County Clare (1787) depicts woodland at Rockforest but little in the
surrounding landscape. Rockforest House was built in the late 18th century [52]; its estate included a
grain silo, ice house and walled garden [53]. By 1808, over 30 ha of rocky soil of poor agricultural value
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had been planted with Acer, Alnus, Betula, Fagus, Fraxinus, Larix, Picea, Pinus pinaster, Pinus sylvestris,
Quercus, Ulmus and other species [54]. A “finely planted demesne” extended almost a mile along the
road [53]. The first (1840) and second (1899) editions of the Ordnance Survey six inch maps depict
the area as wooded [14]. Selective felling and scrub clearance was undertaken in the 20th century
(J. Cunningham, pers. comm.). Though fragmentary in nature, the available historical sources imply
continuous presence of woodland cover at Rockforest despite ongoing human activity. However,
historical sources are generally dated with a high level of certainty, while dating of palaeoecological
data must be inferred from the age-depth model, making it prone to inherent errors; these data should
be compared cautiously.

The continuously elevated AP signal and the available historical sources both suggest that
Rockforest has a long history of woodland cover. This contrasts, however, with patterns seen in
contemporaneous Irish pollen profiles. Prior to the Great Famine of 1845, Ireland’s population reached
almost nine million, causing severe land-use pressure. Poorer land was cleared for agriculture over
much of Ireland [55]. In the Burren, AP frequencies were just 4% from 250–100 cal BP/AD 1700–1850
at Cappanawalla (Figure 1) [56]. Firewood was so scarce that Pteridium aquilinum and Dryas octopetala
were used [57]. The dissimilarity may relate to the management of the Rockforest Estate. Nationally,
the woodland resource steadily diminished until the 20th century, excepting woodland remnants
within estates [58,59]. Rockforest appears to be one such estate.

Pinus pollen is usually abundantly produced and well-dispersed and so is generally
overrepresented in the pollen rain [60]. A ‘critical pollen percentage’ of 20% was proposed [5] and
later revised to 5% to indicate local presence of P. sylvestris [61]. However, analyses of fossil stomata
provided unambiguous evidence of local presence of P. sylvestris when Pinus pollen frequencies were
as low as 2.8% [62] and 0.4% [63]. From a study of modern pollen deposition in the Rockforest area,
McGeever and Mitchell [64] concluded that a Pinus pollen value of 5% indicated local presence of
P. sylvestris in this area. The Pinus curve from Rockforest Lough is consistently high, never less than
38.2%, and greatly exceeds the critical pollen percentages. This strongly suggests that P. sylvestris was
locally present and was a significant component of the vegetation.

Furthermore, macrofossil evidence demonstrates local presence of P. sylvestris around Rockforest
Lough during the Neolithic at 5810 cal BP/3860 BC and the early medieval period at 1110 cal
BP/AD 840. The latter is significant as the species was presumed to have become extinct in
Ireland during that period [6]. The latest unambiguous Irish specimen was a preserved stump from
Clonsast Bog, which was directly dated to 1550 ± 140 cal BP/AD 400 [21]. The later Rockforest
macrofossil (1110 ± 120 cal BP/AD 840) is contemporaneous with the last recorded Pinus macrofossils
from Gortlecka (1050 ± 160 cal BP/AD 900) [20], which is located 3.3 km west of Rockforest Lough
(Figure 1). Watts expressed concern that the date appeared too young but this new evidence
strongly indicates that Watts’ date was accurate and Pinus persisted in the Burren after its assumed
disappearance from midland raised bogs.

The later Rockforest macrofossil coincides with a Pinus pollen frequency of 45%. Subsequently,
the Pinus signal remains high, dominating the AP to the present. Though Pinus had been planted on
the Rockforest Estate by 1808 [54], its pollen was previously strongly represented. Rockforest Wood,
which is located 500 m upwind of the coring site and matches the vegetation type recorded in the
pollen profile, is the likely source of this Pinus signal. The P. sylvestris population at Rockforest appears
to have persisted through the late Holocene to the present.

These findings are also supported by those of McGeever and Mitchell’s [64] analysis of a
radiocarbon-dated terrestrial core from Aughrim Swamp, which is located 650 m north-east of the
Rockforest Lough coring site (Figure 1). Pollen preservation was good throughout the pollen profile,
which extends from the present to 1600 cal BP/AD 350. A continuous Pinus signal was observed.
Although a decline began c. 1550 cal BP/AD 400, reaching minimum values of c. 8% of total terrestrial
pollen (TTP) c. 1350 cal BP/AD 600, the Pinus signal recovered quickly, reaching sustained levels
of c. 15–25% of TTP, before declining to c. 5% at the top of the core. It is likely that Rockforest
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Lough (8 ha) mainly samples extralocal pollen from a pollen source area of 300–800 m [29], while the
small wetland of Aughrim Swamp (0.4 ha) mainly samples local pollen, making it more sensitive to
localised vegetation change [65]. The upper halves of undated cores from Rinn na Mona [20] and the
Carron Depression [66] (Figure 1) also show continuous Pinus signals during the period of supposed
extirpation, with frequencies of c. 3% and up to c. 7% of TTP respectively. While this may indicate that
P. sylvestris at Rockforest dispersed pollen to these sites or that other localised stands were present,
the frequencies in question are rather low in relation to the critical pollen percentage. Macrofossil data
were not presented for these sites.

Floristically similar pinewoods existed on limestone pavement elsewhere in Ireland at various
times during the Holocene but are no longer extant. Pollen and macrofossil evidence suggest that
open woodland composed of Pinus, Ulmus, Corylus and Betula existed at Gortlecka (Figure 1) in the
early Holocene [20]. Fine spatial resolution pollen analysis indicates that woodland rich in Pinus,
Corylus, Quercus and Ulmus at Reenadinna, County Kerry developed into Taxus woodland c. 5730 cal
BP/3780 BC [67]. Fine spatial resolution pollen analysis also suggests that open, species-rich woodland
dominated by Pinus and Corylus, with Calluna and Succisa, existed at Cappanawalla (Figure 1) in
the north-west Burren uplands from c. 3450–2450 cal BP/1500–500 BC. Pinus appeared to have been
extirpated there c. 500 BC due to clearance by humans, followed by an expansion in grassland [56].
Pinewoods on limestone are present today at Rockvale in the Burren, Castletaylor and Coole Park in
County Galway and Keel Bridge and Ballykine in County Mayo but most appear to have originated
from introduced P. sylvestris [30]. Pinewoods on limestone no longer occur in Britain but pollen and
macrofossil evidence indicate that they once existed at Malham, northern England [68]. They are extant
and widespread in Fennoscandia [23,69].

These findings provoke the question of why P. sylvestris could have survived at Rockforest,
in contrast to the decline and extirpation observed elsewhere. Climate is the main determinant
of large-scale forest composition but edaphic factors, succession and human disturbance become
increasingly important at the local scale [8]. The Burren’s patchy, shallow soils suffer periodic drought
and low phosphorus and nitrogen availability [70]. P. sylvestris tolerates these stresses, giving it
a competitive advantage [5]. During its decline in Ireland, Pinus was replaced by blanket peat in
the uplands and Alnus in the lowlands, probably due to a climatic shift to wetter conditions [6].
In the karstic Burren lowlands, blanket peat did not develop and Alnus is not thought to have
been a significant component of the Holocene vegetation [20,26]. Fine spatial resolution pollen and
charcoal analyses have shown that late outposts of Pinus in Counties Sligo and Kerry died out c.
1800 cal BP/AD 150 and 1700 cal BP/AD 250 respectively, likely due to human activity including
woodland clearance using fire [45,71–74]. The aforementioned dated pine stump (1550 ± 140 cal
BP/AD 400) from Clonsast Bog came from a layer of stumps found on a recurrence surface [21] i.e., an
abrupt stratigraphic transition from highly humified peat to unhumified peat, indicating increased
surface wetness caused by a climatic shift to wetter conditions [75]. Waterlogging is unlikely to have
been significant at Rockforest Wood due to the karstic hydrology of limestone pavement. While
substantial deforestation occurred in the Burren and Pinus declines there have been attributed to
human activity [56,76], the pollen data and historical sources suggest that Rockforest was an exception
to this pattern. The area was subject to continued human activity but the level of disturbance does not
appear to have been sufficient to eradicate P. sylvestris.

5. Conclusions

The absence of a Pinus decline strongly indicates that a relict population of P. sylvestris persisted
at Rockforest from at least 1600 cal BP/AD 350 to the present (Figure 6). This is supported by the
presence of a P. sylvestris macrofossil dated to 1110 cal BP/AD 840, which demonstrates that Pinus
was locally present. The widely accepted hypothesis that P. sylvestris became extinct in Ireland is
therefore rejected.
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Existing research on the postglacial dynamics of Pinus in Ireland should be re-evaluated in light of
these findings. When Pinus pollen was recorded during the period of presumed extinction in Ireland,
authors questioned the validity of dating analyses [20] or invoked redeposition or long distance
transport [66]. Localised survival of Pinus should be considered as a potential source of such a signal,
at least in the Burren. A review of the postglacial dynamics of Pinus in Ireland is recommended,
incorporating relevant studies completed since those of Bradshaw and Browne [6] and Bennett [5] and
utilising Geographic Information Systems.

Further site-specific research and conservation measures are needed. Research on the genetics of
P. sylvestris at Rockforest is ongoing (C. Kelleher, unpublished). Data on the number of individuals,
age structure and spatial extent of this population are urgently required to determine its conservation
status. P. sylvestris has been placed on the waiting list of the Irish Red Data List, pending further
research to enable assessment [77]. Based on our current understanding of the distribution of native
P. sylvestris in Ireland as being limited to a single known location, it could be assessed as critically
endangered i.e., facing an extremely high risk of extinction in the wild. The insect fauna should be
studied to determine whether any pine-dependent species, many of which are considered extinct in
Ireland [78–80], occur there.

On the basis of the evidence presented, we argue that Rockforest Wood is Ireland’s only known
native P. sylvestris population. At a longitude of 8◦57′ W, Rockforest Wood appears to be the western
limit of the global native range of P. sylvestris, previously thought to be the north-west Iberian Peninsula
at c. 8◦ W [3,16]. This population is of high conservation value but its rarity increases its extinction
risk. Furthermore, reintroduced P. sylvestris in the vicinity may threaten the genetic integrity of the
genepool. Rockforest Wood is located within a protected area but, given the scarcity of P. sylvestris
regeneration, should be carefully managed and monitored. While ex-situ conservation is recommended,
any seed-sourcing for native woodland restoration must be compatible with the long-term viability of
the population in-situ. Coordinated action between conservation and forestry agencies will be required
to ensure the continued survival of native P. sylvestris at Rockforest and to develop opportunities for
the restoration of native pinewoods in Ireland.
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Abstract: Mediterranean pines account for 14,000 ha in Tuscany alone, where they form large and
homogeneous stands and represent an important resource for the forest economy. Among the
harvesting systems applied to thinning operations, the most popular are whole-tree and cut-to-length
harvestings. Both systems can be deployed with different levels of mechanization. The decision
about which system might be the best option in a specific case possibly leads to conflicts due to
different management goals, for instance when the shift from cut-to-length to whole-tree harvesting
systems results in a decrease of costs and an increase of environmental burdens. Thus, an accurate
determination of economic, environmental and social indicators is crucial to make balanced decisions.
With that in mind, we carried out a sustainability impact assessment of typical forest-wood chain
alternatives applied to young Mediterranean pine plantations and made a comparative evaluation
by means of multi-criteria analyses. Trials were carried out in umbrella pine (Pinus pinea L.)
plantations in Tuscany. The analyzed cases considered four thinning operations and included the
processes of harvesting, extraction and chipping. In the analysis, 12 indicators were considered (e.g.,
global warming potential, fatal accidents). Results of the investigation allow quantifying possible
sustainability impacts and, thus, supporting management decisions.

Keywords: motor-manual harvesting; mechanized harvesting; WT harvesting; CTL harvesting;
energy chips; life cycle assessment; social indicators; sustainable forest management; decision support;
multi-criteria analysis

1. Introduction

Mediterranean pines represent a group of highly adaptable species that include Pinus brutia,
Pinus halepensis, Pinus nigra, Pinus pinaster and others such as Pinus pinea L. as the main representatives.
These are specifically adapted to the fire regime that characterizes the area and play a central role in the
vegetation dynamics of the Mediterranean regions [1]. Their aggressive colonizing strategy explains
the rapid occupation of abandoned fields, as well as a relatively simple silviculture [2]. The total
surface occupied by these pines is estimated at 13 million ha, or 25% of the total forest area of the
Mediterranean basin. In regions like North Africa and Anatolia, Mediterranean pines may account
for up to 75% of the total forest area [3]. The adaptability, rapid early growth and general colonizing
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capacity explain why Mediterranean pines have been traditionally used for reforestation projects and
often form extensive plantations.

Umbrella pine (Pinus pinea L.) likely occupies the smallest area among Mediterranean pines, and
yet, it accounts for almost 14,000 ha in Tuscany alone, where it forms large and homogeneous stands
along the coastal region and represents an important resource for the forest economy [4].

The mainstream silvicultural prescription for umbrella pine stands is two to four thinning
operations, followed by clear-cutting and replanting or re-naturalization, if the quality of the hardwood
understory is good [5]. Among the many harvesting systems applied to thinning operations, the most
popular are whole-tree (WT) and cut-to-length (CTL) harvesting. The former consists of felling trees
and extracting them whole (stem, top and branches) to the landing, which offers the advantages of
simplified in-forest handling and increased volume recovery. The latter describes a logging method
where the felled trees are processed into commercial assortments already in the forest [6]: that requires
laborious in-stand tree processing, but results in lower organic matter removals, which is especially
desirable for poorer sites, where organic fertility may be a serious issue [7,8].

Both WT and CTL harvesting can be deployed with different levels of mechanization. In the
motor-manual (MM) version, trees are felled or felled and processed with chainsaws, and the product
is extracted with skidders, forwarders or forestry-fitted farm tractors [9]. Motor-manual harvesting
is especially suited to self-employed forest owners and small contractors, with limited investment
capacity [10]. At the other end of the scale, fully-mechanized (FM) harvesting is implemented:
fully-mechanized whole-tree (FM-WT) harvesting is applied by feller-bunchers and grapple skidders.
Self-propelled feller-bunchers are designed to fell standing trees and arrange them in bunches
along skid roads, ready for pick-up by grapple skidders. Fully-mechanized cut-to-length (FM-CTL)
harvesting is applied by harvesters, which are designed to combine felling and processing. Harvesters
are also capable of stacking cut logs into neat piles by the strip road, where forwarders pick them up
and carry them to the landing.

The intersection of the two harvesting systems with the two mechanization levels generates four
possible options, each with its own specific pros and cons, especially as concerns financial performance,
environmental impact and social consequences. These should be discussed carefully before deciding
for or against any specific option.

Different management goals will favor different aspects of system performance, and yet, most
managers will aim at financial sustainability and minimum adverse impacts on the natural environment
and the community. For this reason, it is important to determine with some accuracy the financial,
environmental and social performance of each individual option. With that in mind, we carried out a
sustainability impact assessment (SIA) for the product obtained from the thinning of umbrella pine
plantations, under the four technical choices derived from the intersection of the two harvesting
systems and the two mechanizations described above and customarily applied to these stands. SIA
methods have been specifically developed for this task, namely to evaluate how management choices
influence the economic, environmental and social dimensions of system sustainability [11]. In addition,
a multi-criteria analysis (MCA) was applied to compare alternative management scenarios on a
cumulative preference scale. The results of our investigation will support management decisions by
offering accurate information about sustainability indicators. Results for different indicators are often
conflicting, and an accurate determination of these indicators is crucial to make balanced decisions that
may reflect specific management goals. In particular, the specific objectives of this study are to apply
an SIA to the typical forest-wood chain alternatives that can be applied to the thinning of umbrella
pine plantations and to make comprehensive evaluations of the alternative forest-wood chains. Strictly
speaking, the external validity of the study results is limited to umbrella pine plantations under similar
conditions to those encountered in the study. However, the general trends found with this experiment
could be extended to young pine plantations, although with much caution.
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2. Materials and Methods

2.1. Approach

The SIA was carried out to determine the impacts with regard to sustainability of four alternative
forest-wood chains, applied to umbrella pine plantations in Central Italy. This method was proposed
by [12,13]. According to them, a proper SIA should be comprised of the following characteristics:
(i) supply chains are described as a set of processes; (ii) each process is characterized by a set
of sustainability indicators; (iii) the total amount of material flowing through the processes is
the basis for assessing the overall sustainability impact; and (iv) an analysis of the trade-offs
between the characteristics is carried out to assess holistically the impact of changes between the
proposed alternatives.

2.2. Supply Chain Modelling

The so-called “cradle-to-gate” approach was applied, meaning that the analysis was restricted to
a selected life cycle stage [14]. In our case, the study concentrates on the harvesting, extraction and
chipping of trees. Four alternative thinning operations were modelled as forest-wood chains, as follows:
Chain 1 = 1-MM-WT (motor-manual whole-tree harvesting); Chain 2 = 2-MM-CTL (motor-manual
cut-to-length harvesting); Chain 3 = 3-FM-WT (fully-mechanized whole-tree harvesting) and Chain
4 = 4-FM-CTL (fully-mechanized cut-to-length harvesting). The chipping operations did not differ
between the cases. According to the modelling rules [13] in each process, the wood material changes its
appearance and/or moves to another location. Thus, the SIA builds on the conceptual representation
of forest-wood chains as chains of value-adding production processes [15].

Modelling was carried out with the dedicated software Umberto (v 5.6), developed by IFU
Hamburg GmbH [16]. With Umberto, material flow networks are created allowing one to model
material and energy flows occurring in the system.

2.3. System Description and Boundaries

In all cases, the system boundaries covered the felling, extraction and chipping processes used
in four alternative second thinning operations. In 1-MM-WT and 2-MM-CTL, trees were felled with
chainsaws (Husqvarna 357XP, 3.2 kW) by professional operators and skidded to the roadside landing
with a forestry-fitted farm tractor (Valtra 6400, 75 kW), equipped with a forestry winch. In 2-MM-CTL,
trees were also delimbed and crosscut into random lengths (4–7 m) before skidding. In 3-FM-WT,
trees were felled and bunched with a 27-t tracked feller buncher (JD759 J, 164 kW) and skidded to
the roadside with a rubber-tired grapple skidder (JD460 G, 127 kW). In 4-FM-CTL, trees were felled,
delimbed and crosscut to random lengths (4–7 m) with a 14-t four-wheel harvester (JD870 B, 114 kW),
while logs were extracted to the roadside with a 10-t capacity forwarder (JD1110 B, 121 kW). In all cases,
chipping was performed about four months after harvesting and extraction by a forwarder-mounted
drum chipper (Erjo 12/90, 370/129 kW).

System boundaries were designated to be from where machines are brought to the working
sites to where the wood chips are discharged into chip vans. Therefore, transport of personnel
and equipment to the work site, as well as transport of the chips to the final destination were not
considered. The building of roads and road maintenance were not included. In contrast, the production
of materials and machines, so-called indirect or upstream processes, was considered within the
boundaries. The CO2 uptake due to tree growth and its release to the environment after biomass
oxidation at the end of the life cycle was not considered, as well as changes in the soil organic matter
stocks, the latter due to rare long-term data.

2.4. Selection of Sustainability Indicators

The indicators selected for the calculations were relevant and balanced with regard to economic,
environmental and social sustainability, as well as feasibility in terms of data availability and
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quality [17]. In the present study, a set of 12 indicators was chosen (Table 1) to be analyzed based
on existing indicator sets, e.g., [18,19]. The most relevant economic indicators were production costs,
productivity and working delays. Production costs include all fixed and variable machine costs, as well
as personnel costs. Productivity describes the machine performance per productive machine hour, and
delays express nonproductive working times caused by mechanical, personnel or operational issues.

Table 1. Applied sustainability indicators.

No. Indicator Description Unit

1 Productivity
Rate of product output per unit of time for a
production system. A productivity ratio may
also be calculated for resources other than time.

PMH gt−1

2 Costs

Sum of production costs (fixed costs accruing
regardless of the rate of activity inclusive of
personnel costs, as well as variable costs that
vary with the quantity of production).

€ gt−1

3 Delays

Interruptions of the work process that can be
related back to the organization of the work;
commonly subdivided into the categories
mechanical (e.g., repair), personnel (e.g., rest
breaks) and operational delays (e.g.,
waiting times).

% of total working time

4 GWP

The potential of global warming is mainly
caused by the release of greenhouse gas
emissions due to anthropogenic activities such
as fossil fuel combustion, chemical processing
and transportation.

kg CO2-eq. gt−1

5 CED of fossil energy

The cumulative energy demand of fossil
energy investigates the energy use throughout
the overall life cycle, including the use of direct
and indirect consumption of energy due to the
use of materials.

MJ gt−1

6 EP

Potential eutrophication due to some
substances, calculated through the conversion
factor of phosphorous and nitrogen
compounds into phosphorous equivalents.

kg PO4-eq. gt−1

7 POPC (low NOx)

The potential of photochemical ozone creation,
also known as summer smog, contains
nitrogen oxides and volatile
organic compounds.

kg ethylene gt−1

8 AP Potential acidification due to atmospheric
deposition of sulfur and nitrogen. kg SO2-eq. gt−1

9 Employment Rate of full-time employments related to forest
operations. FTE 1000 gt−1

10 Fatal accident Fatal accidents related to forest operations. Fatalities 10−6 gt−1

11 Tree damage
Percentage of stand damage after forest
operations (excluding wounds with an
exposed surface <10 cm2).

% of total trees

12 Soil compaction The increase of bulk density was used to show
possible soil compaction.

Difference in %
(untrafficked/trafficked)

Note: PMH = productive machine hours, exclusive of delays; gt = green tonnes (fresh weight); min = minutes;
CED = cumulated energy demand; MJ = megajoules; EE = energy efficiency; GWP = global warming potential;
CO2 = carbon dioxide; EP = eutrophication potential; PO4 = phosphate; POPC = Photochemical ozone creation
potential; AP = acidification potential; SO2 = sulfur dioxide; FTE = full-time equivalent.

Concerning site impact, field measurements covered tree damage (frequency and severity), soil
compaction and biomass retention, i.e., the amount of tops and branches left on site after harvesting.
Biomass retention may offer a first indication about the potential for nutrient depletion, even when the
actual amount of nutrients left on site is not determined. Biomass retention is relatively easy to gauge
and is used here for comparing the risk for soil nutrient impact under the two treatments considered
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with this study. The basic concept is that a larger biomass retention for one of the treatments will point
at a proportionally lower risk for soil nutrient depletion compared with the other treatment. This
indicator does not define risk in absolute terms (i.e., quantity of nutrients released per ha), but only in
relative terms, which is consistent with the comparative character of the study.

Besides the well-known environmental impact category global warming potential (GWP) and
the cumulated energy demand (CED) of fossil energy, results were presented in the following
environmental impact categories: eutrophication potential (EP), acidification potential (AP) and
photochemical ozone creation potential (POPC). All of them are important categories for biomass
cultivation and distribution and are highly influenced by nitrous and carbon oxides, which are of
special interest to coastal pine plantations along the Tyrrhenian coast and generally in Central Italy,
where most of such stands are included within natural reserves, under special conservation rules (e.g.,
Parco Regionale di San Rossore, Tenuta di Castel Porziano, Parco Nazionale del Circeo).

When it comes to societal aspects, attention was focused on fatal accident and employment rate,
both of which are strongly impacted by the treatment of young stands.

2.5. Indicator Calculation

The system modelling outcome served as the basis for the comparative environmental and
social-economic analysis. The analysis of environmental impacts (GWP, EP, AP, POPC) focused on
technical aspects of the alternative operations and followed the ISO 14040 guidelines [20], which
prescribe the inclusion of indirect impacts (e.g., machinery used, material transportation; cf. [11]).
The database Ecoinvent (vs. 2.3) developed by the Swiss Centre for Life Cycle Inventories [21] was
used to determine the impacts of the different thinning operations. Thereby, specific characteristics of
the analyzed machines (weight, lifetime, duration of use) were considered. The Ecoinvent database is
implemented in the modelling software Umberto and provides emission data for numerous materials
(e.g., diesel). These emission data are then linked to the environmental categories to which they
contribute (e.g., CO2 to GWP).

In order to report the energy efficiency (EE), the CED of fossil energy was calculated, also by use
of Umberto and Ecoinvent. The EE shows how much fossil energy is required to produce one unit of
renewable energy.

Damage of trees by the harvest operations was determined by inspecting all residual trees
according to the method described by [22]. Results refer to the total amount of trees damaged and,
thus, do not relate to single operations. Wounds with an exposed surface <10 cm2 were not recorded.
Soil compaction was determined by collecting undisturbed core samples before and after harvests, as
described in detail in [23]. Samples do not refer to single operations, but to the total area.

Statistical data are neither available for the accidents occurring during the thinning of Italian
coastal pine plantations, nor for working accidents in Italian forestry in general, since the Italian work
accident statistics lump forestry and agriculture together. Therefore, it is not possible to determine
with any accuracy the number and severity of work accidents per unit product, nor to discriminate
between different forest-wood chains and mechanization levels. However, a good proxy was found in
the statistical data provided in the international scientific literature. In particular, Ref. [24] provide the
fatal accidents among professional forest workers reported in the national statistics of Austria, Finland,
Slovenia, Sweden and Switzerland. While these data do not discriminate between different forest-wood
chains (i.e., CTL- vs. WT harvesting), they can be used to discriminate between mechanized and
motor-manual operations, on the assumption that over 90% of the operations in Finland and Sweden
are fully mechanized, while operations in the other countries are motor-manual to a large extent [25].
Based on this reasoning, the number of fatalities per m3 recorded in the two Nordic countries was
converted into a per tonne figure and the result, 0.03 fatalities per million tonnes, was assumed as the
reference for mechanized operations. The fatality rate for motor-manual operations was estimated
from the mean data for Austria, Slovenia and Switzerland and amounted to 0.22 fatalities per million
green tonnes (10−6 gt).
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The effect of the alternative operations on employment rate was calculated from the productivity
data actually recorded in the study, after inflating these data for crew size and assuming 1510 h per
year as full employment of one worker unit (FTE). Machine costs referred to Euros (€) per productive
machine hour (PMH) and were calculated with the harmonized method developed within the scope of
European COST Action FP0902 [26]. Delay time was reported separately in order to calculate delay
factors [27,28], i.e., the ratio of delay time to productive working time. Data related to time input,
fuel consumption and machine productivity were determined with a time study as reported in detail
in [23] (see the Data Collection Section).

2.6. Biomass Removal and Retention

Table 2 indicates how much biomass was removed per alternative; cf. [23]. The concentration of
nutrients within different biomass components was not determined. Conversely, biomass retention
(tops and branches) was determined on twenty 1 × 1-m sample plots per treatment, using an improved
version of the protocol developed by the Australian Forest Operations Research Alliance at the
University of the Sunshine Coast [29]. Before locating the plots, the sampled area was divided in
two strata according to the residual biomass load, in order to increase the accuracy of sampling and
reduce the number of required sample plots. After that, 50 sample plots per corridor were located
systematically on the terrain, and each of them was attributed to one of the strata. From the original
50 plots, 20 plots were selected randomly for measurement, reflecting the proportion between the
strata. Then, all tops and branches on each plot were manually collected and weighed, using a portable
electronic scale, accurate to ±10 g. Since stumps were not harvested under either treatment and the
assessment was a comparative one, stump biomass was not determined.

Table 2. Biomass removal, in green tonnes (fresh weight).

Forest-Wood Chain Biomass Volume (gt ha−1)

1-MM-WT 51.0
2-MM-CTL 29.6
3-FM-WT 53.9
4-FM-CTL 33.5

Note: MM-WT = motor-manual whole-tree harvesting; MM-CTL = motor-manual cut-to-length harvesting;
FM-WT = fully-mechanized whole-tree harvesting; FM-CTL = fully-mechanized cut-to-length harvesting.

2.7. Multi-Criteria Analysis

MCA is a methodology to structure a decision problem (e.g., by means of indicators) and provide
a formal model to compare a finite number of alternatives on a one-dimensional preference scale [30].
MCA has been richly taken up as a decision-support tool in forest management planning and practice
as documented in scientific literature; cf. [31,32]. As in [33], the Promethee method [34] was employed
in this application to compare four thinning operations via 12 environmental, economic and social
impact indicators. In this method, preference information is required at two levels: (i) weights of
importance for indicators; and (ii) preferences regarding when one alternative dominates another with
regard to one of the indicators (i.e., the selection and definition of preference functions). The pair-wise
comparisons of alternatives with regard to the evaluation criteria (i.e., indicators) result in a summed-up
and weighed degree of dominance of one alternative over another and a cardinal ranking of all
examined alternatives.

These two sources of preference information were modelled in an experimental way. First, we
assumed equal weights for clusters of economic, environmental and social indicators (1/3 each). This
means that in clusters with more indicators (4 economic, 6 environmental, 2 social indicators), these
have a lower relative weight because of the distributive effect, which is a feasible way to smoothen an
imbalance of representation in a decision-making problem [35]. A second arrangement, in absence
of empirical preference information, is to set the preference threshold, i.e., where strict preference of
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one alternative over another will be applied, for each indicator to 10% of the highest value. For all
indicators, a V-shape preference function has been applied; cf. [34].

2.8. Stand

Comparative trials were carried out in pine plantations located near Pisa, Italy, inside the Regional
Park of San Rossore, which encloses a surface of about 3000 ha and is covered in a large part by
umbrella pine plantations. This area is a typical example for the wider cohort of pine plantations
growing along the coastlines of Southern Europe, where they have been established and managed for
many centuries [3].

When the first thinning was conducted in 2002, all alternate rows had been removed, so that
spacing at the time of the second thinning was 5 × 2.5 m. In the second thinning in 2014, trials were
conducted of a 15-hectare tract, consisting of a 21-year old umbrella pine plantation. Selection of trees
to remove was left to the logger, whose main task was to create enough space around candidate trees.
Detailed information regarding site and thinning characteristics, as well as machineries is reported
in [23,36].

2.9. Data Collection and Assumptions

Fuel input was determined by refilling all machine tanks at the end of each working day and
recording the amount of fuel used during that day. This figure was divided by stopwatch hours and
prorated to each plot based on the hours actually needed to harvest it. Wood moisture content was
determined according to the European standard CEN/TS 14774-2 on the determination of moisture
content, on one 500-g chip samples per load. These samples were obtained from the reduction of larger
3 L samples collected at different places within the same load. Data about utilization and maintenance
of machines and value recovery were obtained directly from the machine owners and are described
in [23].

3. Results

3.1. Material Flow and System Productivity

Table 2 shows the amount of harvested biomass for each alternative. The volume harvested
was much lower when CTL harvesting was applied, compared with WT harvesting. Average
productivity was also lower with CTL, for the same mechanization level (0.0237–0.0165 PMH gt−1

in 2-MM-CTL and 4-FM-CTL compared to 0.0196–0.0092 PMH gt−1 in 1-MM-WT and 3-FM-WT).
Figure 1 shows the specific productivity by treatment and work phase. As reported by [23], felling and
extraction productivity were significantly different between treatments, whereas chipping productivity
was not. Mechanization allowed a dramatic increase of labor productivity. With mechanization,
felling-processing productivity increased eight times and felling-bunching productivity 20 times.
Extraction productivity increased from 6–8 times, as a result of mechanization. Shifting from CTL to
WT harvesting resulted in productivity increases between 40% and 270%, depending on the work step
and mechanization level.

The highest share of delays occurred in the chains with manual harvesting operations. In both
cases, delay time was 29.7% of the total working time compared to 11.7–14.4% in the mechanized cases
(4-FM-CTL, 3-FM-WT) (Table 3). When looking at the harvesting process only, the share of delays
was 54.0% in 1-MM-WT and 2-MM-CTL, while it was 10.0–19.0% in 4-FM-CTL and 3-FM-WT. The
resulting delay factors were 42 in 1-MM-WT and 2-MM-CTL, 17 in 3-FM-WT and 13 in 4-FM-CTL.
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Figure 1. Specific productivity by treatment and work phase. Note: MM-WT = motor-manual
whole-tree harvesting; MM-CTL = motor-manual cut-to-length harvesting; FM-WT = fully-mechanized
whole-tree harvesting; FM-CTL = fully-mechanized cut-to-length harvesting.

3.2. Indicator Results

Relative indicator results per gt of wood chips are presented in Table 3. The sum is shown in bold
letters, and the process causing highest impacts in each chain is highlighted in italic letters.

The economic indicator production costs followed the same pattern as the system productivity:
forest-wood chains with motor-manual harvesting operations were significantly more expensive
(40.36–77.19 € gt−1 in 1-MM-WT and 2-MM-CTL) than those applying fully-mechanized harvesting
systems (9.99–19.28 € gt−1 in 3-FM-WT and 4-FM-CTL, Table 3): in 1-MM-WT, the manual felling was
responsible for 69% and in 2-MM-CTL for 52% of the production costs. In the latter case, extraction
was very time consuming and expensive (42% of costs).

When considering social indicators, the amounts of fatal accidents and FTEs were significantly
higher in manual than in mechanized systems. The rate of accidents varied between 0.2108 and 0.2168
fatalities 10−6 gt−1 (2-MM-CTL, 1-MM-WT) compared to 0.0283–0.0259 fatalities 10−6 gt−1 (4-FM-CTL,
3-FM-WT) and, thus, was 7.5–8.4 times higher in manual cases (Table 3).

The rate of FTE 1000 gt−1 was 6.4–14.7-times higher in manual cases, as well, compared to
mechanized cases: indicator results varied between 1.7659 and 0.9729 FTE 1000 gt−1 (2-MM-CTL,
1-MM-WT) vs. 0.1520 and 0.0664 FTE 1000 gt−1 (4-FM-CTL, 3-FM-WT) (Table 3).

It turned out that the percentage of tree damage also increased when shifting from FM to MM
and from CTL to WT harvesting. Between 1.5% and 15% of the residual trees presented wounds larger
than 10 cm2 (Table 3). However, the 15% figure (2-MM-CTL) could be excluded from the comparison
(cf. [23]), which results in a wounding frequency range between 1.5% and 6%.

In contrast, the other environmental indicators significantly depended on the choice of the
applied system (CTL/WT). The GWP is highly influenced by the fuel consumption. As shown
previously [23], mechanization entailed a reduction of fuel consumption between 10% and 40%.
Shifting from mechanized CTL to manual WT harvesting allowed reducing fuel consumption by
19%. Differences were statistically significant between motor-manual CTL harvesting and all other
treatments, as well as of harvesting system and mechanization level. The calculated GWP was 2.37–2.49
kg CO2-eq. gt−1 (3-FM-WT, 1-MM-WT) when WT harvesting was applied and 3.85–5.55 kg CO2-eq.
gt−1 (4-FM-CTL, 2-MM-CTL) when CTL harvesting was applied (Table 3). Potential impacts caused by
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the extraction process in 2-MM-CTL were seven-times higher compared to the best case (3-FM-WT). In
2-MM-CTL, the use of fuel and lubricants contributed 43% to this result and the machinery 57%, while
it was almost the opposite (58% and 42%) in the case of 3-FM-WT, which shows that the extraction
process was sub-optimal in 2-MM-CTL.

The CED of fossil energy (Table 3) was much lower, as well, when WT harvesting was applied.
It varied between 137.75 and 156.14 MJ gt−1 (3-FM-WT, 1-MM-WT) compared to 227.92 and 314.27
MJ gt−1 (4-FM-CTL, 2-MM-CTL). Assuming an average energy content of about 9200 MJ per tonne
(moisture content = 45%), the resulting energy ratios are respectively 66.7, 59.0, 40.4 and 20.3. In the
first named, 3-FM-WT, this means that 66.7 units of fossil energy are necessary to generate one unit of
renewable energy from biomass. The analysis of the other environmental categories EP, POPC and
AP confirmed that the CTL harvesting system led to significantly higher impacts than WT harvesting
systems (Table 3), in the manual case (2-MM-CTL) due to the low productivity in the extraction system
and in the mechanized case (4-FM-CTL) due to the high fuel consumption during the harvesting
operation. Furthermore, results showed that only CTL harvesting caused soil compaction. However,
the increase was low, ranging from 8.8–11.9% of the original value (Table 3). In 1-MM-WT, soil
compaction was indicated to be negative (−1.2%) because the machines loosened up the soil and, thus,
caused disturbance.

When looking at the total indicator results per hectare (Table 4), one needs to have in mind that a
comparable amount of trees was harvested in all cases, but a greater amount of biomass was mobilized
in 1-MM-WT and 3-FM-WT (Table 2). This may lead to changing results, e.g., in the category EP, the
lowest impacts were expected in 3-FM-WT when looking at results per gt, while the value was equal
in 3-FM-WT and 4-FM-CTL when looking at the results per ha (cf. GWP and accidents) (Table 4).

Table 3. Relative indicator results.

Indicator Unit Process 1-MM-WT 2-MM-CTL 3-FM-WT 4-FM-CTL

Costs € gt−1 felling 27.70 40.40 2.76 8.99
extraction 8.72 32.50 2.69 5.90
chipping 3.94 4.29 4.55 4.39

total value 40.36 77.19 9.99 19.28

Delay % felling 54.00 54.00 19.00 10.00
extraction 28.00 28.00 10.00 10.00
chipping 17.00 17.00 17.00 17.00

total value 29.70 29.70 14.40 11.70

GWP kg CO2-eq. gt−1 felling 0.43 0.58 0.68 1.73
extraction 1.16 4.01 0.58 1.01
chipping 0.89 0.96 1.12 1.11

total value 2.49 5.55 2.37 3.85

CED of MJ gt−1 felling 29.89 39.98 34.93 100.50
fossil energy extraction 65.04 209.23 33.02 57.37

chipping 61.21 65.06 69.80 70.05
total value 156.14 314.27 137.75 227,92

EP kg PO4-eq gt−1 felling 0.0006 0.0021 0.0012 0.0031
extraction 0.0023 0.0120 0.0010 0.0017
chipping 0.0017 0.0034 0.0018 0.0018

total value 0.0046 0.0175 0.0040 0.0066

POPC kg ethylene gt−1 felling 0.0001 0.0001 0.0002 0.0005
(low NOx) extraction 0.0004 0.0010 0.0002 0.0003

chipping 0.0003 0.0007 0.0004 0.0004
total value 0.0008 0.0019 0.0008 0.0012

AP kg SO2-eq gt−1 felling 0.0038 0.0051 0.0042 0.0120
extraction 0.0091 0.0301 0.0036 0.0065
chipping 0.0079 0.0084 0.0077 0.0075

total value 0.0208 0.0437 0.0156 0.0260

182



Forests 2018, 9, 375

Table 3. Cont.

Indicator Unit Process 1-MM-WT 2-MM-CTL 3-FM-WT 4-FM-CTL

Employment FTE 1000 gt−1 felling 0.7976 1.1634 0.0188 0.0764
extraction 0.1561 0.5817 0.0254 0.0542
chipping 0.0192 0.0209 0.0221 0.0214

total value 0.9729 1.7659 0.0664 0.1520

Fatal fatalities 10−6 gt−1 felling n.a. n.a. n.a. n.a.
accident extraction n.a. n.a. n.a. n.a.

chipping n.a. n.a. n.a. n.a.
total value 0.2168 0.2108 0.0259 0.0283

Tree damage % trees felling n.a. n.a. n.a. n.a.
extraction n.a. n.a. n.a. n.a.
chipping n.a. n.a. n.a. n.a.

total value 6.0 15.7 2.5 1.5

Soil % difference felling n.a. n.a. n.a. n.a.
compaction (untrafficked/ extraction n.a. n.a. n.a. n.a.

trafficked) chipping n.a. n.a. n.a. n.a.
total value −1.2 8.8 2.5 11.9

Note: The sum is shown in bold. The highest value in each alternative is shown in italics. The incidence
of delay time over total harvesting time is the average delay incidence recorded for each single work step,
weighted for the contribution of each work step to total harvesting time. MM-WT = motor-manual whole-tree
harvesting; MM-CTL = motor-manual cut-to-length harvesting; FM-WT = fully-mechanized whole-tree harvesting;
FM-CTL = fully-mechanized cut-to-length harvesting; PMH = productive machine hours; CED = cumulated
energy demand; GWP = global warming potential; CO2 = carbon dioxide; EP = eutrophication potential;
PO4 = phosphate; POPC = photochemical ozone creation potential; AP = acidification potential; SO2 = sulfur
dioxide; FTE = full-time equivalent.

Table 4. Total indicator results per hectare.

Indicator Unit 1-MM-WT 2-MM-CTL 3-FM-WT 4-FM-CTL

Productivity PMH ha−1 24.01 31.45 4.60 6.84
Costs € ha−1 2058.52 2284.92 538.55 645.89
Delays % 29.70 29.70 14.40 11.70
GWP kg CO2-eq. ha−1 126.91 164.21 127.68 128.83
CED of fossil energy GJ-eq. ha−1 7.96 16.03 7.03 11.62
EP kg PO4-eq. ha−1 0.23 0.52 0.22 0.22
POPC (low NOx) kg ethylene ha−1 0.04 0.06 0.04 0.04
AP kg SO2-eq. ha−1 1.06 1.29 0.84 0.87
Employment FTE 1000 ha−1 49.62 52.27 3.58 5.09
Fatal accident fatalities 10−6 ha−1 11.06 6.24 1.40 0.95
Tree damage % trees 6.00 15.70 2.50 1.50
Soil compaction % difference −1.20 8.80 2.50 11.90

Note: MM-WT = motor-manual whole-tree harvesting; MM-CTL = motor-manual cut-to-length harvesting;
FM-WT = fully-mechanized whole-tree harvesting; FM-CTL = fully-mechanized cut-to-length harvesting.
PMH = productive machine hours; CED = cumulated energy demand; GWP = global warming potential;
CO2 = carbon dioxide; EP = eutrophication potential; PO4 = phosphate; POPC = photochemical ozone creation
potential; AP = acidification potential; SO2 = sulfur dioxide; FTE = full-time equivalent.

3.3. Multi-Criteria Analysis of Harvesting Operations

The MCA of the four harvesting alternatives (Figures 2 and 3) was based on per hectare results
for the 12 indicators (Table 1).

The overall ranking results of the four alternative thinning operations showed a robust preference
for both FM alternatives (Figure 2). The difference in the overall preference value ϕ between FM-WT
(0.3612) and FM-CLT (0.2887) was relatively small, while MM alternatives showed both negative
overall preference values with MM-CLT (−0.5156) having a much larger preference than MM-WT
(−0.1343) (Figure 2).
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Figure 2. Ranking results of the multi-criteria analysis. Overall ranking of four alternative thinning
operations. Phi (ϕ) indicates the degree of dominance of one alternative over another. Equal weights for
the economic, environmental and social indicator cluster. Note: MM-WT = motor-manual whole-tree
harvesting; MM-CTL = motor-manual cut-to-length harvesting; FM-WT = fully-mechanized whole-tree
harvesting; FM-CTL = fully-mechanized cut-to-length harvesting.
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Figure 3. Preference results of the multi-criteria analysis. Preferences (Phi-values) for the four
alternative thinning operations over all impact indicators. Note: MM-WT = motor-manual whole-tree
harvesting; MM-CTL = motor-manual cut-to-length harvesting; FM-WT = fully-mechanized whole-tree
harvesting; FM-CTL = fully-mechanized cut-to-length harvesting.
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A deeper look into the action profiles of the alternatives, i.e., their performance in each indicator,
reveals the reasons for the overall ranking (Figure 3). It shows that FM alternatives consequently
have positive net flows apart from employment, while MM-CTL is not competitive in eight out of
12 indicators.

Pre-empting a full sensitivity analysis, the examination of stability intervals unravels the
sensitivity of the ranking of alternatives to changing indicator weights. This analysis shows
only increased weights for indicators ‘tree damage’ (weight > 21.69%), ‘GWP’ (weight > 79.52%),
‘soil compaction’ (weight > 22.02%), ‘fatal accidents’ (weight > 34.24%) and ‘employment’
(weight > 37.24%), while maintaining the initial weight relations in other indicators could change
the overall ranking results.

4. Discussion

A major challenge of forest management is to consider the consequences of different management
strategies and to estimate the financial, environmental and social performance of each individual
option before an action is carried out. It is important to consider different pillars of sustainability
and to link environmental impacts to socio-economic activities in order to guide decision-makers in
their actions and to ensure that the impacts of their decisions are measured. With that in mind, we
carried out an SIA for felling, processing and extraction of four alternative thinning operations in
Mediterranean softwood plantations. The system boundaries included all steps necessary for turning
standing trees in the forest into whole-tree chips loaded on trucks and ready for delivery to the mill.

Twelve indicators were considered to be important and feasible with regard to data collection.
Input data were gathered mainly from field studies and in the case of fatal accidents from statistics.
Respective indicator values were calculated by the use of different tools, e.g., potential environmental
impacts of exhaust gases under the use of the Ecoinvent database and Umberto, a tool for life cycle
assessments. Previous studies have shown that the use of several indicators and the combination of
different methods to calculate indicator values lead to a strong analytical power for embracing financial,
technological, environmental and other aspects of a production system, e.g., [37]. In particular, the
feature of Umberto to include ‘own’ indicators and data, as well as data from the database Ecoinvent
turned out to be efficient and productive. However, although a significant effort was made to collect
realistic input data, there were some limitations, e.g., in the accuracy of the indicators, as results reflect
average cost and emission values only or in the generalization of the results, as soil compaction for
example is highly complex. Furthermore, system boundaries need to be considered when interpreting
results. For instance, the transport of personnel and equipment to the work site was not included
in our study, which would be a weak point if this were of major importance. There are numerous
variables influencing the overall sustainability of a product, a process or a system, and the challenge is
to find the most important ones in a specific case.

Furthermore, it is well known that WT harvesting leads to a higher removal of biomass (cf. Table 2)
and, thus, of nutrients [38], because branches and foliage account for a significant proportion of the
total nutrients bound in trees. However, it is still uncertain whether the lower biomass retention after
WT harvesting actually has any visible effects on forest growth, stability or diversity. Kaarakk et
al. [39] assessed the effects of WT harvesting and conventional stem-only harvesting and found out
that 10 years after the final harvest, repeated WT harvesting had a decreasing effect on total carbon
and nitrogen pools in the combined organic and mineral soil layer. In another study [40], the effects of
WT harvesting (needles left on site) and conventional stem-only harvesting were compared 30 years
after clear-cutting of Norway spruces, and any significant treatment effects with regard to the amount
of organic matter, the amounts of nutrients in the forest floor or the concentrations of foliar nutrients
were found. In [41], the impacts of WT harvesting were distinguished according to the harvesting
intensity (thinning, clear-cutting). The authors figured out that negative effects of WT harvesting were
lower in thinning than in clear-cutting operations [41]. In [42], soil carbon and nitrogen contents were
determined over a period of 15–16 years after clear-cutting of conifers in Sweden, and any conclusive
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evidence was obtained about a general effect of harvest intensity on soil carbon or nitrogen pools,
but only site-specific impacts. To conclude, the long-term impacts of intensified forest harvesting on
nutrient losses are not clear (cf. [43]), and it is most likely that regional site interactions influence the
overall effect of increased removal [42,43]. As we did not determine the concentration of nutrients
within the different biomass components, we can state from our results only that seven-times more
residue biomass (34 vs. 4.3 t ha−1) was retained with CTL harvesting compared to WT harvesting.

The results have shown that highest productivities were reached in FM harvesting operations.
Shifting from CTL to WT harvesting systems resulted in further productivity increases (Figure 1).
The resulting monetary cost of felling, processing and extraction varied between 10 and 77 € gt−1

(Table 3) (=̂ 19–147 € per oven dry tonne). Forest-wood chains with motor-manual harvesting
operations were significantly more expensive (40–77 € gt−1 in 1-MM-WT and 2-MM-CTL, Table 3)
than those applying fully-mechanized harvesting systems (10–19 € gt−1 in 3-FM-WT and 4-FM-CTL,
Table 3). In addition, the highest share of delays occurred in the manual cases, in particular in the
felling processes (Tables 3 and 4). However, not only the level of mechanization, but also the applied
harvesting system had a significant effect on the costs, as well as on the productivity: it decreased
with increasing level of mechanization and when shifting from CTL to WT harvesting. Other studies
comparing WT and CTL harvesting confirm the better performance of forest-wood chains applying
WT harvesting, e.g., [44,45].

In contrast, environmental indicator values (CED, GWP, EP, POPC, AP) depended on the
applied harvesting system and were much better when WT harvesting was applied compared to
CTL harvesting. This can be explained due mainly to the productivity: in 4-FM-CTL, the felling
process was four-times less productive than in 3-FM-WT, and in 2-MM-CTL, the extraction process
was 3.7-times less productive and, thus, more fuel consuming than in 1-MM-WT (Table 3). As stated
above, the use of a forestry trailer would have been more appropriate. As potential environmental
impacts strongly depend on exhaust gases and the use of machineries, an increase in productivity
would result in lower impacts at the same time.

With regard to soil compaction, it should be noted that only the CTL treatments caused a
compaction. However, such an increase was very low, ranging from 8.8–11.9% of the original value.
The density increase recorded for the mechanized CTL treatment was significantly higher than for the
manual CTL treatment. As soil compaction is highly complex and a very recent research topic [46–50],
further analysis should be conducted if this indicator is of crucial importance.

The rate of FTE 1000 gt−1 was 9.8–14.6-times higher in the manual cases (Table 4). However,
one should have in mind that it is increasingly difficult to find skilled labor in many regions. A very
important argument to further support the process of mechanization in felling operations is that many
fatal accidents occur during manual felling operations [51], as also shown in this study. Therefore,
replacing manual with mechanized felling is likely to result in a reduction of accident frequency
and severity.

Based on the indicator results, an MCA was carried out. In general, an MCA provides a proven
suite of methods for sustainability evaluation in the context of forest management [31,52–55]. In
particular, its use in SIA of forest-wood chains has been demonstrated previously [33,56,57]. MCA
strives at contributing a cumulative assessment of alternative options that combines all indicator
performances into one common preference ranking. Having in mind that the total surface occupied by
homogeneous pine stands is estimated at about 25% of the total forest area of the Mediterranean basin
(=ca. 13 million ha), indicator results per hectare (Table 4) were quite impressive, such that the MCA is
a very useful method to support the comparison of given alternatives, because associated impacts were
huge and conflicting in some cases (e.g., 3-FM-WT and 2-MM-CTL). To give one example: managing
“just” the 13,800-ha umbrella pine plantations in Italy with the thinning system presented in 3-FM-WT
would result in overall production costs of 7.4 million €. In contrast, managing them with 2-MM-CTL
would cost 31.5 million €.
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The MCA results in the current application showed very robust preferences for the FM harvesting
operations, while the difference between FM-WT and FM-CLT was rather small (<0.1 of total preference
value ϕ). This indicates that a final selection of the most appropriate option cannot be generalized, but
has to be scrutinized in more detail in a specific decision-making context. It is remarkable that MM-CLT
is by far the least preferred option, since it has the highest negative preference values in eight out of
12 indicators. MM-WT might be a compromise solution, if entrepreneurial limitations (e.g., investment
capital for mechanization, skills and workforce) are a major obstacle to pursue FM options. MCA has
been used is an exploratory way, i.e., no real indicator weights by decision-makers or stakeholders
were used. While this renders the MCA application incomplete to a certain extent, the sensitivity
analysis is to give insights into the impact of changing weights. In this respect, the analysis of stability
intervals shows very robust rankings, unless indicator weights for five of the indicators are increased
beyond 100% of what has been assumed for the preference modelling. Even if a decision maker would
state such preferences in a specific decision-making situation, such an unbalanced weighting scheme
might compromise the underlying assumptions of a well-balanced concept of all sustainability aspects
within the current understanding of sustainable forest management.

5. Conclusions

An SIA was conducted for typical forest-wood chain alternatives that can be applied to the
thinning of pine plantations, which are widespread in the Mediterranean region. Four technical
choices derived from the intersection of the two harvesting systems and two levels of them were
analyzed with regard to 12 indicators considering economic, environmental and social aspects.

The results offered quantitative support to the assessments made by field experts, namely that
mechanized harvesting operations should be preferred unless there are entrepreneurial limitations to
pursue mechanized options and that motor-manual harvesting with a cut-to-length system is by far
the least preferred option, due mainly to the time-extraction process by the forestry-fitted farm tractor.
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47. Kleibl, M.; Klvač, R.; Lombardini, C.; Porhaly, J.; Spinelli, R. Soil Compaction and Recovery after Mechanized
Final Felling of Italian Coastal Pine Plantations. Croat. J. For. Eng. 2014, 35, 63–71.

48. Allman, M.; Jankovský, M.; Messingerová, V.; Allmanová, Z.; Ferenčík, M. Soil compaction of various Central
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Abstract: More than a third of Romania’s surface has low-productive soils, at the same time exposed
to risks of climatic phenomena and generating high economic loss. Afforestation with pine has been
the most common solution for the recovery of sheet erosion. Many of the pines grown on such
land have run down. This paper presents the results of the first dendroecological investigation of
degraded lands in Romania, 80 years after the first ecological reconstruction. In this way, the effects
of reconstruction were assessed, supporting the adoption of future solutions for the improvement
and efficiency of recovered ecosystems. Reconstructed radial growth was set against rainfall, air
temperature, and management history. A total of 330 black pine and Scots pine trees (Pinus sylvestris
L. and Pinus nigra Arn.) of different ages and social positions from 11 stands of different densities
were cored for retrospective tree-ring analysis. Scots pine has made better use of these sites, with a
better growth rate than black pine especially in plantations with lower survival and on dominant
trees. The dynamics of radial growth distinguish the two pine species, with Scots pine showing an
accentuated juvenile growth spurt and bigger growth range. The growth decline is predominantly a
maturation effect that begins when the tree is around 40 years old and seems to be irreversible. After
this age, weak or moderated removal is not enough to revive growth. The contribution of climate (air
temperature and rainfall) to the last radial increments in decline is 3–57% and is higher than in the
previous decades. On moderately degraded land by farming and grazing, the mixture of Scots pine
and black pine, rather than monocultures, proved to be a sustainable solution. Dendrochronological
surveying of restored ecosystems allows development of management strategies, which becomes
critically important in the circumstances of climate warming.

Keywords: afforestation; bad lands; black pine; climate change; dendroecology; growth decline;
plantations; Scots pine

1. Introduction

The large ecological amplitude of pine species [1–4], supported by their geographical
distribution [5] and their ability to capitalize lands unsuited to forest vegetation through superior
production [6–8], have been long been acknowledged [9]. These characteristics have favored the use of
pines as species for afforestation or reforestation of naturally or anthropically degraded fields [10–15].
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The diversity of climate, geological substratum, relief, and vegetal cover and their interactions,
as well as the effects of the anthropogenic factor, make the natural environment in Romania vulnerable
to geomorphologic, hydrologic, and climatic risks [16,17]. The recent national inventory indicates
8.34 million ha of degraded or unproductive land, affected especially by pluvial erosion [18], which
amounts to 35% of the country’s surface and nearly half of the agricultural land. By 2008, 0.3 million ha
of degraded land was reforested, mostly with pine species [18]. Between 4000 and 10,000 seedlings per
hectare were used for reforestation, depending on the erosion harshness, densities considerably higher
than usual [15]. The postwar ecological reconstruction fulfilled its purpose, managing to eradicate the
erosion areas 5–15 years after the afforestation [19].

Using pine in the recovery of degraded land is limited to sheet erosion [10]. The black pine proved
to have sustained high growth even on highly eroded lands [20]. Pines can offer good protection of
the land and good yields: 3–8 m3 yearly per hectare in forest steppe, 5–10 m3 yearly per hectare in
hill mixed hardwood area, 5–8.5 m3 yearly per hectare in oaks and beech area, and 7–12 m3 yearly
per hectare in Norway spruce area, at the age of 30 years and on moderately pluvial eroded land [20].
On rock outcrops, the yields are inconspicuous. On heavy soils, the volume of black pine growth is
up to 15% less than on coarse-textured soils [10]. Mixes of pines with broad-leaved trees (wild cherry,
ash, maple) are the most productive. The yields of Scots pine are superior to those of black pine on
degraded fields in the same site [10]. Twenty-five years marks the maximum growth in height of Scots
pines on degraded fields that were afforested during the last century [21]. In Romanian natural stands
of Scots pine, 50 years is the age of maximum growth of the basal area [22], while black pine crops
from the USA accelerate their growth just after this age [23]. The soil’s pluvial erosion intensity does
not influence the growth of Scots pines in the first 5–10 years [10].

Pines are particularly receptive to annual climate fluctuations [24–27]. In natural stands,
for example, the sensitivity of Scots pine to rainfall is above that of Norway spruce and firs [22]. The
dry sites accentuate the sensitivity of the trees’ growth structure to fluctuations of the environment [28]
and their tolerance to drought [29]. However, the pines’ tolerance to the stress caused by drought is
limited [26]. The limits have become more visible in the last decades through massive and repeated
death occasioned by severe droughts [30,31], requiring care in choosing pines [32] and avoiding
planting them in forest steppe [20].

However, diagnosing the trees’ growth decay is difficult. Dryness, soil scarcity, nutrient deficiency
in soil, excessive plantation density, and the biotic stressors incite a decrease in growth [33–37].
Growth depression may also be the symptom of tree maturation [38–40], as a growth increase can be a
consequence of not only favorable climatic circumstances, but also a decrease in competition through
logging, for example [41–44]. Pollution and fires can have a long-lasting and stimulating effect on
the growth of Scots pines [45] respectively of black pine [46]. The contribution of genotype to the
radial growth of the Scots pine is low, at least in the first 30 years, allowing for a stronger influence of
ontogenetic factors (related to age or resource availability) [47].

Decreasing wood bioaccumulation is also a symptom of tree vitality decline [48]. Consequently,
on degraded lands, the survival rate of pines will be lower [11]. Their fragility [49] and low
biodiversity [50], as well as the subsequent natural colonization by rustic deciduous trees [51], make
pine stands rather temporary solutions [52,53]. After 15–20 years, Scots pine plantations also show
reduced density as a result of wind and snow breaking or tearing down the trees [51]. Almost a third
of the pine forests on Romanian degraded lands require urgent improvement, promoting deciduous
trees as the main species [54].

No dendroecology research has been carried out so far on reforested degraded lands in Romania.
Established plantations have been followed for their survival, yield, competition, and health [55].
There has been no species-specific inquiry on radial growth dynamics, especially under different
conditions of soil, climate, and vegetation imposed on pine plantations [20]. Increasingly, climatic
extremes, deepening of land torrentiality [56], aridity of lands around the steppe, and dieback of pine
plantations are a continuing challenge for forest management in choosing sustainable solutions for
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afforestation [57]. The degradation of plantations through the decline of the tree layer can reactivate
erosion processes [58]. Surveillance of plantations with dendroecological methods allows us to predict
and check the effects of various solutions for the ecological reconstruction of degraded lands.

This study was conducted in one of the most pluvial erosive areas of Romania [59]. We sought to
delineate the dynamic behavior of pines (Scots pine and black pine) by means of growth ring time series,
queried in relation to rainfall, air temperature, stand density, tree age and social position, and logging.
The following hypotheses will be verified: (a) growth behavior is different between the two pines due
to higher tolerance of black pine to drought and heavy soil, especially on degraded land [10,60–63];
(b) growth decline is climatically triggered by drought and warming [64]; and (c) human disturbance
may have a highly xylogenetic contribution similar to that of the climate, by growth revival due to
reduced competition following logging [65].

2. Materials and Methods

2.1. Erosion Background

The research was done in the Curvature Carpathians (Figure 1), the second greatest erosion area
in Romania [16].

Figure 1. (a) Geographical location of the study area in the Carpathians area (South-eastern Europe);
(b) Map of the sample plots area (the yellow dots mark the sampled stands); (c) A pine plantation on a
Buzau’ badland.

The dynamics of the erosion process are so active that it has led to elimination of large areas
from agriculture, called Buzau badlands [59]. The erosivity of the pelitic formation in the clay-marl
substratum explains the pluviodenudation in the hollows [66].

The sites have a mostly moderate temperate continental climate. The amount of precipitation
(665 mm·year−1 at 420 m altitude) is exceeded by evapotranspiration (695 mm·year−1) [67], so there is
a water deficit over the entire vegetation season, totaling 173–195 days. These data confirm the relative
aridity of the eroded slopes. Heavy rains are very aggressive: high intensity (1.35 mm·min−1 at 420 m
altitude) and runoff [68].
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Before afforestation, the sites were intensively exploited for agriculture and grazing, which led to
the loss of productive capacity and protective functions. The soil-limiting factors for tree growth are
shallow depth, weak trophicity, and damage to bioactive horizons.

2.2. Study Stands

The plantations discussed were established between 1935 and 1992 using native seedlings (Pinus
sylvestris var. romanica Svoboda and Pinus nigra var. austriaca (Höss) Novak), with barren roots,
3 years old, planted at 2 × 1 m spacing, in 30 × 30 × 30 cm holes. All plantations started with
5000 trees per hectare, to achieve the stand closure by the age of 10 [20]. Slopes over 40◦ were
terraced and reinforced with vegetation (especially sea-buckthorn stems, branches, and suckers).
Along monocultures, mixtures of hardwoods were also planted. The plantations were followed yearly
until they reached canopy closure, which occurred at 8–15 years. Where necessary, gap-filling from
the same species was done. In the first decade, there were annual cleanings. After 25 years, some
plantations were thinned only once, which led to 2–21% removal from the total volume (Table 1).

Table 1. Description of study plots.

Features
Site Plot

RATE SATU CAN1 DILM CAN2 NIF1 NIF2 PINU BRAS CAN3 CAN4

Altitude (m a.s.l.) 300 295 370 700 325 305 320 665 505 325 340

Exposition W NW N SE W N N W N NW W

Slope (◦) 15 25 21 20 40 10 10 18 25 40 30

Soil substratum marl marl marl
chalky
sand
stone

marl clayey
marl marl sands loess marl marl

Soil type * Cmeu Cmeu Cmeu Cmeu-li Cmeu Cmeu Cmeu Cmeu-ll Cmeu Cmeu Cmeu

Soil physiological thickness
(cm) 42 46 48 32 45 45 54 50 47 47 48

Nitrogen in horizon A (%) 0.28 0.26 0.22 0.18 0.30 0.47 0.36 0.20 0.15 0.21 0.14

Carbon in horizon A (%) 2.95 3.76 2.05 2.37 3.52 7.03 5.08 2.78 1.80 3.21 1.63

Base saturation (%) 57.36 55.76 56.76 53.92 58.53 39.22 53.65 54.07 54.68 58.85 56.95

Cation exchange capacity in
horizon A (0.01 meq g−1) 16.98 17.36 18.13 16.95 17.17 23.15 16.17 16.72 16.68 17.23 17.33

The year of plantation
establishment 1992 1962 1962 1957 1952 1948 1935 1935 1947 1937 1937

Stand composition (%) ** 90BP
10HD 100BP

70SP
20BP
10HD

100SP
70BP
20SP

10HD

90SP
10HD 100BP 90SP

10BP
70SP
30BP

80BP
20SP 100BP

Stand density (trees·ha−1) 1840 1680 1520 740 1100 1160 1080 680 1280 640 780

The management of plantations

Stand age at intervention - 31 32 39 43 25 - - 42 59 59

Harvest intensity
(% of removal) - 3.2 3.8 2.2 7.0 6.4 - - 21.1 1.5 3.2

* Cmeu: Eutric Cambisols; Cmeu-li: Leptic-eutric Cambisols; Cmeu-ll: Lamellic Cambisols. ** SP–Scots pine,
BP–Black pine, HD–miscellaneous hardwoods [69].

Erosion was stopped in all the sampled sites. The main type of soils in this area is cambisoil,
which makes up 48% of the total forestry soils in Romania [70] and whose features depend on the
geomorphological units [71]. In the current state of site recovery, cambisoil exhibits lower volume,
slight acidification of the mineral horizons, sandy-loamy texture in the mineral horizon A, and higher
content of sand and humus. These are medium-deep soils (physiological thickness 45.8 ± 1.7 cm),
poorly stony (the content of rock material 1–9%), high organic carbon (180–210 t/ha [72]), and medium
supply of water and nitrogen available to the woody plants (0.25 ± 0.1% in the A horizon). The organic
horizon is unbroken only in plantations older than 75 years [73].
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2.3. Sampling Design and Data Compilation

Before sampling, we screened the degraded land areas afforested with pines in order to cover all
the recovery levels of the local sites. Forty plots of 20 × 25 m2 were established in the chosen sites,
where we performed full inventories. For cross-dating, a master chronology was also used, from a
108 years old black pine stand grown in sites favorable for pine vegetation, at an altitude of 790–815 m.

The core sampling was drawn from 11 stands, mostly older than 40 years, which facilitated
analysis of the long-term growth trend. For comparison, a younger stand was also chosen (Table 1).
One sample 5 mm thick was taken from each tree, in the uphill breast height, with an increment borer.
We opted for a single drilling direction, following a preliminary study in the CAN4 plot, where it was
found that the differences in ring width between breast height radii were not statistically significant
(F = 0.482, p = 0.70). A total of 30 trees in each plot were cored. Each tree was classified according to its
top social position (in the Kraft classification), which became the KP variable. KP is a discrete variable
with the following values: 1: dominant; 2: codominant; 3: subdominant; 4: suppressed; 5: dying [74].

The climatic data for the dendroecological study came from weather stations in Buzau (45◦09′ N,
26◦49′ E, 102 m a.s.l.) and Pătârlagele (45◦19′ N, 25◦91′ E, 390 m a.s.l.) in the research area. The
continuous climatic time series have a length of 53 years (1961–2013).

2.4. Dendroecological Study

After seasoning, the samples were glued to wooden frames and sanded at a 60–240×
granulation [75]. They were then scanned at 1200 dpi resolution using the WinDENDRO Density 2006c
device from Régent Instruments [76]. We obtained raw time series for the 5 variables of the annual
rings: annual ring width (RW), earlywood width (EW), latewood width (LW), and the corresponding
proportions of earlywood (EP) and latewood (LP). For each individual series of RW, we subsequently
calculated the range values, designated by the variable ring width range (RWR).

For cross-dating, which was also performed on the WinDENDRO, we used a reference series
from the control stand. We kept the growth series with the Gleichläufigkeit nonparametric correlation
coefficient with the control series [77] over 0.65.

The series of individuals from the same plot were averaged. At the far end, the average series was
truncated at the depth of at least 3 trees [78]. The average series was converted by standardization in
series of indices, performed again on WinDENDRO, where the smoothing filter was the spline curve
and for which the value of −4 of the Lagrange parameter was chosen [79]. The signal thus extracted
(a series of indices) was verified against the climate through the nonparametric test of signs [80].
Age-related and stand dynamics effects were quantified as the difference between the raw series and
the standardized series of RW.

In order to identify the events from the average series of RW and the standardized indices, we
calculated the moving growth change rates using a 4-year moving window, adapted from [81] and [82]:

GCi =

i+3
∑
i

Xi −
i−1
∑

i−4
Xi

i−1
∑

i−4
Xi

× 100(%) (1)

where i is the current calendar year and Xi is the RW value of year i (from the raw series) or the
value corresponding to the signal (standardized series) or the value of the noise series (the difference
between the previous series). Consequently, three types of growth change rate were used. Change
rates of radial growth (GC_RW) denote the level of the periodic changes in the annual ring width from
the breast height. Change rates of standardized indices (GC_D) indicate the level of fluctuation in the
signal. GC_N indicate the level of fluctuation in the noise series.

In order to separate the contribution of the climate from the logging effects, we similarly calculated
the change rates for temperature and precipitation (TC and RC, respectively). TC expresses the relative
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change in average temperature from four consecutive calendar years after the current year as compared
to the 4 previous years. The relationship of these climatic indices with the growth change rates was
verified by nonparametric correlation.

For the diagnosis of the recent trees’ vitality, we extracted the last 10 years from the growth time
series [83], thus we obtained the average width of the last 10 years of the series (10 RW variable).

2.5. Statistical Analyses

To recognize the influences on growth, we chose a multifactorial design, wherein the dependents
were the tree ring variables, the fixed factors were the species of trees and their social position, the
covariates were the age of the trees and the current stand density, and the tree was random. To avoid
age-related bias in the growth series, we chose analysis of covariance and partial correlation. Thus, to
assess the involvement of species and social position in tree growth, independent of their age and of
the density of plantation, analysis of variance was replaced by analysis of covariance (ANCOVA) [84].
The variables were previously checked to avoid multicollinearity. In ANCOVA, the tree species and
social position were designated as categorically independent variables, the annual growth (RW, RWR,
10R, LP) as dependent, and the age of the trees and density of the stands as covariates. Similarly, in
order to remove the age share in the relationship of stand density with tree growth, partial correlations
were chosen. To measure the strength of the relationship between climate variables (as predictors)
and growth (as dependent variables), multiple correlation was used. Time series synchronization was
checked with cross correlation function [85]. Statistical data processing was carried out in Statistica 8.0.

3. Results

3.1. Differences in Tree Growth between the Two Pine Species

RW ranges from 0.026 to 21.11 mm·year−1. At the breast height, the RW reaches its peak in the
first 13 years, especially around the age of 7. RW together with LP allow the partition of radial growth
into 5–18 juvenile wood rings, followed by a transition to mature wood, which can extend up to the
age of 36. The differences between the sampled sites with regards to radial growth occur from the age
of 11 years. Starting the age of 40, when all the trees are stucturally mature, the RW stabilizes around
an average of 1.1 mm. The width of the annual rings in the last decade of trees growth is 50–80% of the
average value over the entire series. In what concern the dominated trees over 40 years old, the width
of the rings of the last decade did not reach 20% of the average value per series. Tree age, stand density,
and tree social position are factors that influence RW size (Table 2). The contribution of species to
growth differences between the trees seems to be small. At the same age, Scots pine grows on average
0.1–0.35 mm·year−1 faster than black pine. There are no differences between the two pine species with
regards to the age when the annual rings become mature (χ2 = 0.018, p = 0.89, df = 1). Even though the
radial growth is fairly similar for the two pines, Scots pine shows larger spreading of its annual values
(higher values by about 1 mm of RWR). The radial growth from the last decade, which is placed in the
decline, also does not distinguish between the two species.
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Table 2. Analysis of covariance (ANCOVA) of the growth structural traits.

Dependent
Variables

Median
Total Variance
between Rings

Predictors (Fixed Effects)

Tree Age
Stand

Density

Specie Tree Social Position

Covariates

Tree Age
Stand

Density
Tree Age

Stand
Density

p Values from F Test

Annual ring
width, mm 1.50 2.65 <0.01 <0.001 0.04 0.04 <0.001 <0.001

Annual range of
ring width, mm 6.61 3.78 0.30 <0.001 <0.01 <0.01 0.05 0.08

Annual average of
the last 10 years
ring width, mm

0.97 0.34 <0.01 <0.001 0.53 0.57 <0.001 <0.001

The differences between species is increased for Scots pine, into more sparse stands (Figure 2).

Figure 2. Specie x tree age x stand density interaction in pines radial growth at breast height (the
asterisks mark significant differences (p < 0.05)).

The hierarchical tree position (KP) is an even more important source of annual growth variation.
The understories (KP = 4 and 5) emphasize the differences between the two species of pine (Figure 3).

In older plantations, radial growth had a faster start in the Scots pine than in the black pine
(Figure 4). Faster growth is supported longer by Scots pine, but a decline in growth usually occurs
simultaneously after 39 years. The averages of RW were recorded simultaneously for the two pines
without being influenced by the current stand density.
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Figure 3. Distinguishing between social classes stand in terms of radial growth (1: dominant; 2:
codominant; 3: subdominant; 4: suppressed; 5: dying. Stars mark significant differences: p < 0.001).

Figure 4. Ring width dynamic: comparisons between the black pine and the Scots pine for
densities level.
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In Table 3 we presented the density of the tree stands whose growth depression is in fact
irreversible. The mixtures of black pine and Scots pine, rather than pure tree stands, survived better on
degraded land.

Table 3. The current density of plantations with the age of more than 40 years.

Stand Composition No of Trees·ha−1 (Mean ± Standard Deviation)

Scots pine stands 1193 ± 228
Black pine stands 1109 ± 468

Pine mixtures 1364 ± 344

3.2. Climate Share in Radial Growth

Multiple correlations of detrended growth change rate with climate change rate (rainfall together
with air temperature act to separate the climate share from radial tree growth (Figure 5). We started
from the assumption that any change in temperature and precipitation (shown by RC and TC) would
cause a corresponding shift in growth (reflected by the GC from the signal). The hypothesis was
verified in the sequence of recent and very narrow rings (with an average RW per plot <1 mm).

Figure 5. Verifying the growth response to the climate.

The multiple correlation coefficients, varying from one plot to another, between 0.175 and 0.757,
show a sound affinity of the growth regime to the climate regime. Therefore, the contribution of
climatic range to the latest narrow ring widths can be 57% at most. The differences among plots
originate from the time lags between them. Improving correlation coefficients with temperature
x precipitation in the growth suppression phase (Figure 5) argues that the climate maintains and
accentuates the decline. The local climate trend over the past 50 years shows a warming of 0.24 ◦C
per decade (R2 = 0.26; p < 0.001)), more pronounced since 1994. The precipitations have suffered an
insignificant decrease by 0.3 mm·year−1 (R2 = 0.002, p = 0.77), being more consistent in the dry decade
1981–1990. By consequence, in the researched area, we cannot talk about the climate becoming arid
which means that the decline of growth is not an argument for this.

Growth response to rainfall varies from one plot to another (Figure 6). The drought from the ninth
decade of the last century did not seem to have any influence on the RW oscillations. An improvement
in the water supply in 1998 was not able to revive the trees’ growth. Crosscorrelations in time series
analysis indicate a growth rate delay of 1–3 years versus rainfall change rate. It has been noted that the
site with highest delay in growth as a response to rainfall (lag = 3 years) is distinguished by the highest
carbon content and the lowest base saturation in the top soil layer. The correlation between growth
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change rate and temperature change rate is poor (simple nonparametric correlation coefficients which
in the modulus do not exceed 0.198) and not significant (p > 0.19).

Figure 6. The dynamic of the change rates of detrended ring width, temperatures, and rainfall in the
examined sample plots.

200



Forests 2018, 9, 213

3.3. Logging Effects

Only logging from the BRAS and CAN3 stands seemed to stimulate radial growth (Table 4).
In order to customize the logging effects, the nonclimatic noise series of radial growth was employed.

By comparing the GC values with the multiannual climatic regime, we noticed several aspects.
The increased growth following the relative powerful thinning in the BRAS plot (GC = 294%) could
have been caused, to some extent, by rainfall (RC = 10.5%). Indeed, the amount in the year prior to
the intervention exceeded the multiannual average by 84.4 mm and was reached especially in May
and June. In the following years, it oscillated a great deal, from 818.5 mm in 1991 to 461.7 mm in 1992.
After 1989, the year of the intervention, the temperature increased again until 1994.

In order to delimit the contribution of climatic factors, we verified the multiple correlations
between the detrended growth series and the temperature along with precipitation. For the eight-year
sequence around the intervention, multiple R (0.774) shows a contribution to RW of up to 55.4% from
temperature and rainfall from the period following the intervention. The sudden increase of GC_N
was prepared in the previous year, when it became positive (Figure 7). Consequently, the revival of
growth after 1989 in the BRAS plot was arranged by rainfall, but was actually allowed by thinning.
The increase rate lasted only nine years, with GC subsequently returning to negative values.

Figure 7. The variation of the growth change rate in the residual series of the ring width on the plot
intensively managed.

The moderated logging on CAN2 seems to have had no bearing on growth (Table 4), despite the
climatic incitement. The logging effects from the NIF1 plot on growth (Table 4) seem to be neutralized
by temporary dryness. Actually, the RC value was on account of the low amount of rainfall during the
year of logging, the surrounding seasons being normally supplied with water.

Table 4. The logging effects on the radial growth of trees.

The Managed
Plots

The Growth Changes after the Intervention

Change Rate of
Undetrended Ring

Width (%)

Change Rate of
Residual Serie of
Ring Width (%)

Change Rate of
Air Temperature

(%)

Change Rate of
Rainfall (%)

BRAS +18.93 +294.23 −9.60 +10.46
CAN1 −7.03 −25.61 −0.90 +4.51
CAN2 −2.69 −15.98 +3.49 +10.16
CAN3 +16.47 7.72 +2.46 +23.56
CAN4 +2.37 +86.64 +2.46 +23.56
DILM −12.18 −18.86 +2.46 +23.56
NIF1 −30.62 −36.74 +2.43 −21.63
SATU −17.36 −26.65 +3.00 +8.49
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4. Discussion

In the present study, the retrospective analysis of time series of the radial increments allowed
the reconstruction of the behavior of pines planted on pluvial eroded land, at 80 years after the first
afforestation. We have identified the sources of variation of the radial growth size, among which the
age, the species and the fluctuations of rainfall, together with the temperature, have the greatest impact.
The radial growth trends were analyzed in relation to the particular soil conditions. We diagnosed,
at the same time, the effect of tending operations (cleanings and thinnings) on the rate of growth in
relation to their intensity and climatic context.

Despite the adequate fitting and the relevant contribution of this research, we speculate that
these multifactorial models could get more resolution with dendroecological data using individual
tree models based on other studies [40]. For a better estimate of radial growth, the model should be
strengthened with other variables related to vegetation, such as competition indices, spatial distribution
indices, trees quality and health [86–92]. These should be tracked in dynamics, which extends research
over time. The model could be improved with other climate variables as fixed effects, such as sunshine
hours, soil temperature, relative air humidity, vapour pressure deficiency, as well rainfall and air
temperature extremes [93,94].

4.1. Scots Pine vs. Black Pine in Terms of Radial Growth and Survival

The size and the dynamics of tree growth are specie, genotype and age specific. In previous studies,
growth rate differences have been reported between the two pine species, which are usually in favor
of the black pine (on carbonate soils [95], on rendzinic leptosols [96], on deep soils on limestone [97],
on the sunny slopes and on superficial soils in steppe [10], and in the tree nursery [98]), sometimes in
favor of the Scots pine (on degraded land in the dry areas [99]). In the natural tree stands vulnerable
to fires from the Dinaric Alps [100], as well on the well sunny slopes or on superficial soils in the
Carpathians [51], the differences of growth between the two pin species are insignificant. In the present
study, the differences in growth between the two species became perceptible only after stratification
of the values according to the social positioning of the trees and the actual density of the plantations
(Table 2, Figures 2 and 3).

If we take as starting point the assumption of physiological similarities of pine species, especially
the photosynthetic ones, then the differences between black pine and Scots pine in terms of net
production are due to a different level of climatic sensitivities [101]. Out the investigations we
carried so far, it has been demonstrated that black pine is more resistant to drought [97]. The Scots
pine is more sensitive to heat and drought [102], even after irrigation [103], due to the more drastic
limitation of photosynthesis and transpiration, in the soil water deficit [104], by a stronger stomatal
control [97]. Pines resistance to drought is due to their isohydric behavior [105], to the reduction
of crown conductivity [106,107] and to a more efficient way to use the water [108] that leads to a
diminished water loss. In relation to the pines, the dryness leads to cell walls becoming thinner
and to tracheid’s lumen becoming larger, with positive impact on the conductivity of the water [97].
The accelerate juvenile growth of the Scots pine comparing to the black pine (Figure 4) it was noticed
shortly after planting pine trees on the degraded lands [99].

In our sites, it may be the reaction of pines to soil conditions rather than their different climatic
sensitivities. The sandy cambisoils, with a high level of humus and a small level of stone, in a climate
where rainfalls sometimes exceed 800 m·year−1, have a positive influence on Scots pine [109]. The Scots
pine also makes better use of the favorable microclimatic conditions in the under storey (Figure 3).
Limiting factors such as shading or heavily declivous slopes, as well as the reduced physiological
thickness of soils affects the two pine species equally.

In plantations established on degraded lands, more the erosion is advanced, more the black
pine turned out to be competitive at a higher level than the Scots pine, in terms of the survival [10].
In our sites, moderately affected by pluvial erosion, 80 years after planting, only 13–22% of the initial
trees (5000 trees·ha−1) survived. The mixture of black pine and Scots pine, rather than pure tree

202



Forests 2018, 9, 213

stands, survived better on degraded land (Table 3). Scots pine in Romanian plantations proved to be
vulnerable to wind and breaks caused by the snow [51]. It is, moreover, one of the most important
causes of the reduced survival rate (Table 3). In these plantations, Scots pine grew faster (Figure 2),
also because it is more shade-intolerant than the black pine [109]. The trees that survived have a good
health. When they occur, the defoliations do not exceed 25% of the crown and are more pronounced to
Scots pine than to black pine [110].

4.2. Age-Dependency against Climate-Related Trends in Growth

The ontogenetic exponential decay of radial increments in sampled plantations (Figure 4) has the
appearance of dynamics generated by the age of cambium. In Scots pine, the rapid decline in growth
with age is a characteristic of trees with low wood quality of trunks [111], and the delay in mature
wood formation is a result of difficult growing conditions [112]. Some sample plots from the present
study showed a linear decline in radial growth, which is similar with a delay in maturation. The Scots
pine stands from our plots are located on soils with very low level of nitrogen (0.15–0.20% nitrogen
in mineral horizon A). The depletion of nitrogen occurred by sustaining an increased growth level
of the trees for over 40 years. In fact, it is known that intensive land use with coniferous plantations,
particularly pine, leads to alteration of soil fertility [113,114]. The length of the juvenile wood formation
period in the examined trees corresponds to the values from the literature–between 6 and 16 years [115].

From 14–18 years, growth in the analyzed stands is declining. The decline of growth is
primarily an aging process, physiologically and genetically controlled, which can be maintained
by the environment [38].

The decline of radial growth is primarily an aging process, physiologically and genetically
controlled, which can be supported by the environment [38]. Separating factors becomes even more
difficult with maturation because the genetic control of wood formation gradually decreases [116].
The decline of growth closely followed the decline in the efficiency of water use [117]. Thus, it is not a
random coincidence that the water intake in pine trees peaks at the age of 30–35 years [31], ie the age
at which the transition to mature wood ends and the decline in growth is inevitable. In the internal
silvosteppe, the decline of pine plantations is even faster at 25 years [21]. On degraded lands, the
growth suppression phase ends with the die-back of Scots pine at 30 years, and black pine at 40–45
years [30].

Quantitatively, the climate (rainfall and temperature) contributed 3.1–57.3% to tree radial growth
from the last decade variance in our plots. The contribution of rainfall seems to be greater than that
of temperature (Figure 6), proving the xeric character of the sites. Temperature smooths the growth
fluctuation with rainfall. The contribution of rainfall to black pine radial growth was estimated to be
54% [24], very similar to the cumulated contribution of rainfall and temperature to our BRAS plot.
In black pine marginal populations, smaller contributions were reported (34% from rainfall and 27%
from temperature) [118].

The temporal instability of the climate-growth link (Figure 5) was also noticed by
Johnson et al. [64] and Pärn [119]. In an analysis of the red spruce’s decline after 1960 in the eastern
USA, this instability advocates the hypothesis that the causes of the recent auxologic regress are
different from those in past centuries [38].

At the stage of decline, increased rainfall is no longer able to revive tree growth (Figure 6). Thus,
the decline seems irreversible. In these conditions, the constancy of growth in the last decades seems
to be mostly the physiological age effect, and the growth amount due to the effect of inhospitable
soil conditions.

4.3. The Management of the Ecological Reconstruction on Land Degraded by Pluvial Erosion

The degraded lands are unable to recover spontaneously, requiring human interventions
through ecological reconstruction [13]. In the ecological reconstruction of eroded land, pines
are only a supportive solution, the vegetation makeup being directed toward restoring local
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biodiversity [13,53,120,121]. Moreover, in the pine plantations made on degraded lands on the outskirts
of the Carpathians, we observed that, after the age of 40, the stands were invaded by rustic deciduous
trees [51]. Pine plantations have managed to recover degraded stations (Figure 1) and remain models
to follow for similar actions, especially in climate warming. On the soils well supplied with water, the
Scots pine and the black pine mixes are better than monocultures (Table 3).

The first technical measure for achieving this should be thinning. Failing a remedial management
response, denser crops are more vulnerable to drought [35] and very low in biodiversity [122], due
to the physiological inhibition of the understorey [35]. However, the authors argued that the dense
forest microclimate can mitigate climate excesses, which have escalated in the past 50 years [123].
The thinned stands can be subsequently cut for regeneration and hygiene [124], and thus gradually
substituted by local mixtures that are more effective from a hydrological and protective point of view.
The pine monocultures can become functionally and productively unfit after only 15–20 years, being
exposed to breakage and windthrow [19].

The former recovery solutions for eroded land in Romania were directed toward optimizing
anti-erosion protection with the gain of maximum biomass. Overstressing the forest productive
potential cannot be a long-term solution [125]. Our previous inquiries [73] stated that pine sites with
greater physiological thickness of soil are not the most productive (partial correlation of the soil’s
physiological thickness with the site class: −0.899, p < 0.05). We can therefore infer that the recovered
sites we studied were not well exploited by pines. Thus, they represent a reserve of resources available
to future late-successional vegetation. The yield availability of our crops does not look promising,
since the vegetation successional trend toward the climax leads to reduced productivity [126].

The most influential management measures distribute the competition in the trees’ layer.
The density of pine plantations on degraded lands must be optimized to reduce runoff by avoiding
water stress on individuals [35]. In the dense pine forests of Romania, the drought was felt more
strongly, with the decline it caused stopped only by a radical intervention, heavy thinning [127].
All the examined plantations in this study had the same initial density (5000 seedlings·ha−1), and
so the same competitive start. In the inhospitable sites where they were founded, the low survival
demanded periodical gap-filling, which sometimes lasted up to 20 years. The behavior of the black
pine understory (Figure 3) did not recommend it in gap-filling, which will use Scots pine or local
hardwood, which is less light demanding.

4.4. Trees Response to Management

The tree growth answer to thinning is according to its intensity [128]. At Scots Pine, it was
found that the thinnings stimulate the division of cambium [39]. In our stands, the moderate thinning
had a slight effect on tree growth for nine consecutive years (Figure 6). The weak interventions
were not able to counteract the temporary deficit of rainfall and stop the decline (Table 4). In our
findings, the effects of the release of competition on growth are biased toward climate. According to
the results obtained for other species, following heavy thinning, the responsiveness of the subjects to
temperature increased [128]. For ponderosa pine, the competition does not affect climatic sensitivity in
the overstory [78].

A forcible management on degraded land would be likely to be risky, especially in the warming
of the local climate. As a matter of fact, in Scots pine heavy thinnings do not generate a surplus of
growth compared to moderate ones, on the contrary [129]. Pine plantations from recovered sites can
be managed, with moderate intensities, also after the age at which growth enters declining, depending
on the state of tree health. For Scots pine, for example, the prolonged decline in radial growth precedes
mortality by 15–40 years [130]. However, it needs to be taken into account that the longevity of
pine trees on eroded land is lower [10] and postponing the renewal of the vegetation layer could
compromise ecological reconstruction. Because the degraded sites in the area we studied have not
heavily treated, the present study can provide only suggestions for forest management, requiring
further experimental research.
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5. Conclusions

In the sites moderately affected by sheet erosion from Buzau, Scots pine showed a slightly greater
increase in radial growth than black pine.

Moderately eroded lands in Buzău under the Carpathians (Eastern Romania) have been
systematically afforested for 80 years. A retrospective analysis of the radial growth time series revealed
several differences between the two pine species used for afforestation. In comparison with black pine,
Scots pine had (1) stronger youth growth, (2) a higher growth range over time, and (3) a significant
growth advantage for the plantations with lower survival rates and trees from the understory.

A decline in growth occurs in both species after 39 years. Declining growth rates are similar for
both pines. Climate (air temperature together with rainfall) has a global contribution that can reach
57% in tree growth. The contribution is higher in the growth decline sequence. The response to rainfall
can be prompt or delayed by 1–4 years. By analyzing the reaction to drought and improving rainfall in
individual sample plots, the conclusion is that climate has allowed the decline or even accentuated it,
without causing it.

Management of the pine plantations on degraded land in Romania has been quite mild. Slight
to moderate logging did not have a substantial impact on the growth of standing trees. The largest
growth rate after logging occurred with rainfall assistance. In this case, the growth increase after
logging lasted nine years.
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100. Poljanšek, S.; Levanič, T.; Ballian, D.; Jalkanen, R. Tree growth and needle dynamics of P. nigra and P. sylvestris

and their response to climate and fire disturbances. Trees 2015, 29, 683–694.
101. Rundel, P.W.; Richardson, D.M. Pines. In Encyclopedia of Forest Sciences; Burley, J., Evans, J., Youngquist, J.A.,

Eds.; Elsevier Ltd.: Oxford, UK, 2004; pp. 1430–1441. ISBN 0-12-145160-7.
102. Lévesque, M.; Rigling, A.; Brang, P. Réponse à la sécheresse de conifères indigènes et exotiques: Une étude

dendroécologique (Drought response of native and non-native conifers: A dendroecological study). Schweiz.
Z. Forstwes. 2015, 166, 372–379. [CrossRef]

103. Feichtinger, L.M.; Eilmann, B.; Buchmann, N.; Rigling, A. Growth adjustments of conifers to drought and to
century-long irrigation. For. Ecol. Manag. 2014, 334, 96–105. [CrossRef]

209



Forests 2018, 9, 213

104. Lévesque, M.; Siegwolf, R.; Saurer, M.; Eilmann, B.; Rigling, A. Increased water-use efficiency does not
lead to enhanced tree growth under xeric and mesic conditions. New Phytol. 2014, 203, 94–109. [CrossRef]
[PubMed]

105. Leo, M.; Oberhuber, W.; Schuster, R.; Grams, T.E.; Matyssek, R.; Wieser, G. Evaluating the effect of plant
water availability on inner alpine coniferous trees based on sap flow measurements. Eur. J. For. Res. 2014,
133, 691–698. [CrossRef]

106. Yakoto, A.; Takahara, K.; Akashi, K. Water stress. In Physiology and Molecular Biology of Stress Tolerance in
Plants; Madhava Rao, K.V., Raghavendra, A.S., Reddy, K.J., Eds.; Springer: Berlin/Heidelberg, Germany,
2006; pp. 15–39. ISBN 978-1-4020-4225-6.

107. Wieser, G.; Leo, M.; Oberhuber, W. Transpiration and canopy conductance in an inner alpine Scots pine
(Pinus sylvestris L.) forest. Flora 2014, 209, 491–498. [CrossRef] [PubMed]

108. Petrucco, L.; Nardini, A.; Von Arx, G.; Saurer, M.; Cherubini, P.; Tognetti, R. Isotope signals and anatomical
features in tree rings suggest a role for hydraulic strategies in diffuse drought-induced die-back of Pinus
nigra. Tree Physiol. 2017, 37, 523–535. [PubMed]

109. S, ofletea, N.; Curtu, L. Dendrologie (Dendrology); Transilvania University Press: Bras, ov, Romania, 2007;
pp. 68–79.

110. Silvestru-Grigore, C.V.; Spârchez, G.; Dinulică, F. Starea de sănătate a arboretelor de pin instalate pe terenuri
degradate din Subcarpat,ii Buzăului (The health condition of pine stands installed on degraded lands in
Buzau under Carpahians). Rev. Păd 2016, 131, 7–18.

111. Pazdrowski, W. Technological value of Scots pine (Pinus sylvestris L.) wood depending on the quality of tree
stems in final crops (in Polish). Roczniki Akad. Rol. Pozn. 1988, 170, 72.

112. Kärenlampi, P.P.; Riekkinen, M. Pine heartwood formation as a maturation phenomenon. J. Wood Sci. 2002,
48, 467–472. [CrossRef]

113. Evans, J. The productivity of second and third rotations of pine in the Usutu Forest. Swazil. Commonw. For.
Rev. 1986, 65, 205–214.

114. Sheppard, K.R. Plantation Silviculture; Martinus Nijhoff Publishers: Dordrecht, The Netherlands, 1986; p. 322.
115. Zobel, B.J.; Sprague, J.R. Juvenile Wood in Forest Trees; Springer: Berlin, Germany, 1998; p. 300. ISBN

978-3-642-72128-1.
116. Zobel, B.J.; Jett, J.B. Genetics of Wood Production; Springer: Berlin/Heidelberg, Germany; New York, NY, USA,

1995; p. 337.
117. Keenan, R.J.; van Dijk, A.I.J.M. Planted forests and water in perspective. For. Ecol. Manag. 2007, 251, 1–9.
118. Génova, M.; Moya, P. Dendroecological analysis of relict pine forests in the centre of the Iberian Peninsula.

Biodivers. Conserv. 2012, 21, 2949–2965. [CrossRef]
119. Pärn, H. Hariliku männi puistute radiaalkasvu ja kliimategurite vaheliste seoste ajalisest varieeruvusest

(Temporal variability in the relationships between the radial growth of Scots pine stands and the climate).
Metsanduslikud Uurim. 2004, 40, 65–79.
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Arnold) na krškom submediteranskom području (Impact on site and development of black pine (Pinus nigra
J.F. Arnold) forest cultures in the submediterannean karst area). Croat. J. For. Eng. 2011, 32, 131–139.

121. Li, Y.T.; Lo, Y.H.; Lin, Y.C.; Guan, B.T.; Blanco, J.A.; You, C.H. Bringing the natives back: Identifying and
alleviating establishment limitations of native hardwood species in a conifer plantation. Forests 2018, 9, 4.
[CrossRef]

122. Lebreton, P.; Choisy, J.P. Avifaune et altérations forestières. III. Incidences avifaunistiques des aménagements
forestières: Substitution Quercus/Pinus en milieu subméditerranéen. Bul. D′écologie 1991, 22, 213–220.

123. Birsan, M.-V.; Dumitrescu, A.; Micu, D.M.; Cheval, S. Changes in annual temperature extremes in the
Carpathians since AD 1961. Nat. Hazards 2014, 74, 1899–1910. [CrossRef]

124. Rey, F.; Berger, F. Management of Austrian black pine on marly lands for sustainable protection against
erosion (Southern Alps, France). New For. 2006, 31, 535–545. [CrossRef]

125. Burger, J.A. Management effects on growth, production and sustainability of managed forest ecosystems:
Past trends and future directions. For. Ecol. Manag. 2009, 258, 2335–2346. [CrossRef]

126. Abrams, M.D.; Orwig, D.A. Structure, radial growth dynamics and recent climatic variations of a 320-year-old
Pinus rigida rock outcrop community. Oecologia 1995, 101, 353–360. [CrossRef] [PubMed]

210



Forests 2018, 9, 213

127. Greavu, M.; Untaru, E.; Filat, M. Cercetări privind îngrijirea s, i conducerea arboretelor instalate pe terenuri
degradate. Ann. For. Res. 1995, 43, 31–38.

128. Pérez-de-Lis, G.; García-González, I.; Rozas, V.; Arévalo, J.R. Effects of thinning intensity on radial growth
patterns and temperature sensitivity in Pinus canariensis afforestations on Tenerife Islands, Spain. Ann. For.
Sci. 2011, 68, 1093–1104. [CrossRef]

129. Primicia, I.; Artázcoz, R.; Imbert, J.; Puertas, F.; Traver, M.; Castillo, F. Influence of thinning intensity and
canopy type on Scots pine stand and growth dynamics in a mixed managed forest. For. Syst. 2016, 25, e057.
[CrossRef]
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Abstract: The removal of nonnative species can lead to re-invasion by nonnative species, especially
in communities with multiple co-occurring invaders. Biotic and abiotic conditions shape community
structure, reducing the predictability of nonnative management. We evaluated plant community
recovery after the removal of nonnative pines with an emphasis on the effect of environmental
conditions on the nonnative species response. We compared clearcuts (where pine plantations were
removed), pine plantations, and native communities along a precipitation gradient in Patagonia.
Nonnative richness and cover were higher in clearcuts compared to native communities along
nearly the entire precipitation gradient, with the exception of the harshest sites. Compared to native
communities, invasion resistance was lower in clearcuts in the wetter sites. Native richness and cover
were lower in clearcuts relative to native communities along the gradient. Species composition in
clearcuts diverged in similarity from native communities towards the wetter sites. Plantations showed
an extremely lower richness and cover compared to both clearcuts and native communities. Our study
highlights that clearcutting is an ineffective strategy to manage nonnatives aimed at restoring native
communities and elucidates the importance of environmental context in management approaches.
Taken together, our findings reinforce the important consideration of both the biotic and abiotic
context of nonnative management.

Keywords: Argentina; invasive species; management; environmental gradient; Pinaceae;
restoration; silviculture

1. Introduction

The management of nonnative species is a current challenge for ecological restoration [1–3],
whose major goal is recovering the characteristics of an ecosystem that were prevalent before invasion,
such as increasing biodiversity and restoring ecological functions [4]. The outcome of nonnative
species management is highly unpredictable and the recovery of community structure and ecosystem
functioning are hardly ever achieved or even evaluated [2,5]. An increasingly reported problem
is that after the removal of a dominant nonnative species, other nonnative species invade the area,
a process called secondary invasions [2,6,7]. Yet, most studies addressing the management of nonnative
species focus on the management of a single-invader, without considering their community context [2].
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The fact that many ecosystems are invaded by multiple co-occurring nonnative species, and that many
factors can modulate nonnative species establishment, both contribute towards the unpredictability
of nonnative species management [6]. Thus, a better understanding of the conditions that promote
nonnative species invasion after the removal of a dominant nonnative can help predict management
outcomes, as well as improve the allocation of management efforts [8].

Under certain conditions, the removal of nonnative species has led to successful outcomes [9,10].
However, it is not clear yet which conditions favored successful or unsuccessful restoration
outcomes. Abiotic conditions can shape the variability in relative abundances and overall plant
species composition in post-removal areas, which increases the unpredictability of nonnative species
management [6]. Particularly, harsh environmental conditions (i.e., sites with extreme resource
limitations where the occurrence of abiotic conditions that create rapid plant mortality is common,
such as frost, extreme heat, and drought) may act as a strong filter for nonnative species. In fact,
it has been found that harsh environments have a lower number of invaders than favorable
environments [11–15]. For example, Sorte et al. [16] found that drought favored native over nonnative
species. Secondary invasions in harsh sites will likely depend on nonnative species adapted to harsh
conditions being present and able to respond rapidly under poor growing conditions [6,17]. Therefore,
secondary invasions should take place less often under harsh environmental conditions than in more
benign conditions.

Biotic conditions may also shape the community response in different ways to environmental
conditions. For instance, the diversity-invasibility hypothesis posits that more diverse communities
exhibit greater resistance to invasions than less diverse communities [18,19]. More diverse communities
have fewer unexploited resources reducing invasions via resource competition [20]. Further, resource
competition may be stronger in more benign environments, consequently promoting biotic resistance [21].
Similarly, interactions among nonnative species can influence secondary invasions [7,22]. Competition
among nonnative species can determine that the removal of a dominant nonnative releases other
sub-dominant nonnatives from competition, thus favoring secondary invasions [7,22]. Additionally,
an indirect positive interaction among nonnatives can drive the accumulation of nonnative species in
the community, an interaction mediated by the reduction of native species abundance [22]. This positive
interaction promotes secondary invasions after the removal of dominant nonnative species [6]. In this
context, there is a need to develop general principles regarding invader interactions across varying
environmental conditions so that secondary invasions can be anticipated and managers can allocate
efforts toward pre- or post- removal actions [6].

Nonnative Pinaceae species (hereafter pines) have been planted in several regions of the southern
hemisphere (e.g., New Zealand, Australia, South Africa, and South America) for forestry purposes
and have subsequently invaded native habitats [23]. Both pine plantations and invasions produce
a wide spectrum of changes in native ecosystems [23]. For example, pines have changed vegetation
structure and fuel loads in Patagonian treeless ecosystems, which increase the intensity and frequency
of fires [24]. As a consequence, changes in fire regimes reduce the recovery of nonnative species
and promote further nonnative invasions [25,26]. Additionally, below-ground impacts may be more
difficult to reverse, giving rise to both biotic and abiotic soil legacy effects (e.g., changes in soil nutrients,
soil biota, or soil seed bank) that can drive changes in subsequent plant community structure and
ecosystem processes [27,28].

Removal of nonnative pines (both planted and invasive) is a common management strategy
around the world aimed at passively recovering native ecosystems, yet little is known about its
efficacy [23]. For example, in Patagonia, many pine plantations are harvested for timber but not
replanted owing to current bans on planting nonnative tree species. Moreover, many plantations
are clearcut with the goal of restoration to native communities, especially in forest ecosystems [29].
However, it is well known that passive restoration to pre-existing states can be a challenge [30,31].
Removing nonnative pines can lead to undesired invasions of other nonnative species, halting
the recovery of native ecosystems [30,32], and leaving vast areas with low timber productivity or
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conservation values. Therefore, assessing the effect of nonnative pine removal on plant community
restoration, and understanding conditions that promote nonnative species in areas previously occupied
by pines, is critical to properly managing pine plantations after timber harvest and ultimately restoring
native communities.

The objective of our study was to evaluate plant community recovery after the removal of
nonnative pine plantations and whether the effects of clearcutting varied with environmental
conditions. We hypothesize that the previous presence of pines favors the establishment of nonnative
over native species due to soil legacy effects (e.g., changes in soil nutrients, depletion of soil seed bank,
changes in mycorrhizal communities) [23,30] and disturbance effects (e.g., an increase in resource
availability, mainly light) [33]. We also hypothesize that the strength of these effects changes along
a precipitation gradient, where they are weaker under harsher environments (i.e., drier areas) than in
more benign environments (i.e., wetter areas) [6,14]. Additionally, we expect that steppe native species
will better respond to clearcut conditions than forest native species, as light conditions in clearcuts are
more similar to those of steppes than forests. Overall, we predict that secondary invasions should be
higher and native community recovery lower in clearcuts in more benign sites. Since pine plantations
are the prior state of clearcuts, we also evaluated nonnative species invasions and the similarity of
plantations in comparison with clearcuts and native communities. These comparisons allow us to
control for the effect of initial conditions (plantation understory) on clearcut community structure and
to evaluate the impact of this land-use change on native communities, respectively.

2. Materials and Methods

2.1. Study Region

We conducted this study in Northwestern Patagonia, Argentina. This region is characterized
by a steep west–east natural precipitation gradient caused by the rain shadow effect of the Andes,
which acts as a barrier to the moist air coming from the Pacific Ocean [34]. Rainfall is concentrated
between April and September and decreases from ca. 3000 to 500 mm per year over 100 km [35,36].
In this study, mean annual precipitation decreased from 1270 mm per year in the most mesic sites
to 630 mm in the driest sites. Precipitation data for each site was obtained from Fetch Climate
Web [37]. Mean annual temperature is 7.9 ◦C, with maximum temperatures occurring during January
and February [35]. Vegetation shifts as mean annual precipitation decreases. Along this gradient,
the wettest sites are temperate forests, dominated by Nothofagus spp. that are first replaced by
Austrocedrus chilensis forest and matorral vegetation type in the forest-steppe ecotone, and finally by
semi-arid grasslands or shrublands in the dry steppe ecosystem [38].

Three distinct physiognomic units occur from west to east: forests, shrublands, and steppes [34].
In the western area of the region, the Patagonian-Andean forest dominates; a vegetation unit
dominated by deciduous, evergreen, and mixed forests [39]. The deciduous forest is mainly
dominated by N. pumilio and N. Antarctica, which are restricted to the wettest and highest elevations
of the gradient [39]. N. Antarctica also dominates stumpy forests in the driest and eastern part
of the gradient [40]. Between 37.8◦ and 47◦ S, there are also forests of N. dombeyi, N. obliqua and
A. chilensis [39], which are the most represented in the region spanned by our study sites. In the
northern portion of this region, A. araucana appears as a subdominant species in these forests.
The following trees and shrubs are also common: Lomatia hirsuta, Maytenus boaria, Schinus patagonicus,
Azara microphylla, Aristotelia chilensis, Chusquea culeou, and Berberis sp. [39]. In the extra-Andean
portion, shrubs increase and grasses decrease as mean annual precipitation decreases [34]. In this
ecotone, we find the grained steppe that enters into the eastern sector of the deciduous forests,
shaping a mosaic of both vegetation types. The vegetation cover is relatively high (64%) and it
is dominated by Festuca pallescens and accompanied by Rytidosperma pictum, Lathyrus magellanicus,
and some shrubs such as Senecio sericeonites and Azorella prolifera [39]. In the driest portion of
the gradient, the typical vegetation is the grained-shrubby steppe where the typical vegetation is
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dominated by Pappostipa speciosa, Pappostipa humilis, Poa ligularis, and Poa lanuginosa, as well as by the
shrubs Adesmia volckmannii and Berberis microphylla. This vegetation type has many variants according
to the subdominant species [39].

In this region, many nonnatives have been introduced since European occupation. For example,
several tree species from the Pinaceae family are spreading in the southern hemisphere, including
Argentina [23]. In this region, Pinus contorta and Pseudotsuga menziesii are the main invaders of the
native communities. Although conifers are naturally represented in these communities by two native
trees (A. chilensis and A. araucana), there is no native species from the Pinaceae family in this region
(e.g., all pines are nonnative). Besides pines, there is a high richness of nonnative species in the
region [41,42]. Some species are only casual but others are highly invasive, such as Rosa rubiginosa and
Cytisus scoparius [43,44].

2.2. Study Design

To evaluate if the effect of clearcutting on secondary plant invasion and community structure
varied with environmental conditions, we surveyed 16 sites (Table S1) along a precipitation gradient in
the 2016–2017 growing season. The mean distance between sites was ~20 km. At each site, we selected
three land-use types: (1) Clearcut: communities assembled after pine plantation removal. Clearcuts
were considered to be different from others when previous pine species were different or when
clearcuts had different ages. Clearcut age varied from two to eight years. It is well known that time
since clearcutting is an important factor determining native vegetation recovery, and this could produce
a bias in our results if there was a correlation between clearcut age and precipitation. We evaluated
this and we did not find a correlation between the age of the clearcut and precipitation (r = −0.013,
p-value = 0.96). Therefore, we did not find evidence of a possible bias in our results regarding clearcut
age co-varying with precipitation; (2) Plantation: pine plantations that represented the situation
previous to clearcut. All pine plantations surveyed were at a mature stage as our purpose was to
represent the ecosystem state previous to clearcuts; (3) Native communities: areas dominated by
native vegetation, with low levels of anthropogenic disturbance that represent a reference community.
Within each land-use type, we randomly placed three observational plots (4 m2 each) to assess plant
community structure. In each plot, we recorded plant species composition and abundance (i.e., percent
aerial cover per species) (Table S2). Species were classified by origin as native or nonnative following
Zuloaga et al. [36].

2.3. Data Analyses

We evaluated the interactive effect of land-use type and precipitation on different descriptors of
community structure: (1) native and nonnative species richness; (2) native and nonnative species cover;
(3) proportion of nonnative species; (4) proportion of nonnative cover; and (5) Shannon diversity index
based on species-specific foliar cover.

We tested the interactive effect of land-use type and precipitation by fitting a set of Bayesian
hierarchical linear models. We modeled each community structure descriptor separately, and all
models included land-use type and precipitation as predictors. To capture the hierarchical structure in
the data (where plots were nested into sites), we set the land-use type variable as a categorical plot-level
predictor and the precipitation variable as a continuous site-level predictor. While these models varied
in their probability distributions, all of them were represented using similar deterministic functions
that can be summarized as follows:

Plot-level model:

Response variable[j] = αN[j] + αC[j] * clearcut[i] + αP[j] * plantation[i] (1)

Site-level model:
αN[j] = β0N + β1N * precipitation[j] (1.1)
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αC[j] = β0C + β1C * precipitation[j] (1.2)

αP[j] = β0P + β1P * precipitation[j] (1.3)

In Equation (1), αN represents the effect of native communities at each j precipitation level,
whereas αC and αP are the analogous effect (i.e., effect size) of clearcut and plantation communities,
respectively, compared to native communities (our reference community). As the model was fitted
at two levels, parameters at the plot-level were allowed to vary with precipitation. Thus, β1N, β1C,
and β1P are the slopes of the site-level linear regression models (Equations (1.1)–(1.3)) for the native,
clearcut, and plantation land-use type, respectively, and represent the rate at which the effect of
land-use type changed with precipitation.

To describe variability around the above deterministic pattern, we used different probability
distributions depending on the nature of the response variable (i.e., on the values that it can theoretically
take). To model the species richness (count data), we assumed that the response variable drew a Poisson
distribution [45,46]. The Poisson parameter (λ) was modeled as a linear function of community type
and precipitation by means of a log link function (Code S1). To model species cover, we assumed that
the response variable drew a Gaussian distribution, and modeled the parameter μ as a linear function
of the same predictors (Code S2). To evaluate whether or not the richness and cover changed with
species origin, we included this variable in the above models (Code S1 and S2). To model the nonnative
richness and cover proportion (varying from 0 to 1), we assumed a Binomial distribution for the
response variable [45,46]. We modeled the Binomial parameter ρ as a linear function of the predictors
using a logit link function (Code S3 and S4). Finally, to model the Shannon diversity index, we assumed
that the response variable drew a Gaussian distribution, where the parameter μ was a linear function
of land-use and precipitation (Code S5). The response variables with continuous positive values
(i.e., Shannon Index and cover) were modeled using Gaussian distributions as preliminary models
employing log-normal distributions failed to converge. All these models were implemented in JAGS
via the R package ‘jagsUI’. We ran three chains with 10,000 iterations each discarding the first 5000
as burn-in.

To evaluate shifts in species’ composition among land-use types, we performed Non-Metrical
Multidimensional Scaling (NMDS). The ordination reduced the dimensionality of the distance matrix,
and provided a first step for visualizing community dissimilarities [47]. We carried out a meta-NMDS
from the R ‘vegan’ package [48] that generated an ordination of the Bray-Curtis distance matrix.
Bray-Curtis distances represent how dissimilar two communities are, not only taking into account
species composition (the list of species), but also the cover per species [47]. Bray Curtis distances
were obtained with the ‘vegan’ package from a matrix in which the abundances per species registered
at each of the three plots surveyed at each land-use type at each site were averaged. Additionally,
we performed a permutational analysis of variance with the adonis function implemented in the ‘vegan’
package [48]. This non-parametric test allowed us to evaluate the interactive effect of precipitation
and land-use type on the dissimilarity among communities. Finally, to evaluate if more invaded
communities such as clearcuts tended to have less species turnover along the precipitation gradient,
we estimated the Simpson beta-diversity index (BSIM) for each land-use type along the gradient.
If species invading clearcuts were the same along the precipitation gradient, we would expect that
nonnative species composition would be less variable than total species composition along the gradient.
For each land-use type, we estimated BSIM for total species composition and BSIM for nonnative species
composition. Beta diversity indexes were estimated from the R package ‘betapart’ [49]. All analyses
were conducted in R 3.4.3 (R Core Team, R Foundation for Statistical Computing, Vienna, Austria) [50].

3. Results

At the regional scale, we recorded 130 plant species (85 natives and 45 nonnatives) across all
land-use types. We found 92 species (68 native and 24 nonnative species) in native communities,
83 species (46 native and 37 nonnative species) in clearcuts, and 31 species (19 native and 12 nonnative
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species) in pine plantations. The modeled native richness was lower in clearcut and plantation
communities compared to the native communities at all precipitation levels (Figure S1B,C). In contrast,
our model showed that the effect of clearcutting and plantation on nonnative richness depended on
the precipitation level (Figures 1D–F and S1E,F). Yet the modelling of the proportion of nonnative
richness resulted in higher values in clearcuts and plantations than in native communities throughout
the precipitation gradient (Figures 1G–I and S1H,I). In comparison with clearcuts, plantations harbored
the lowest species richness, regardless of plant species’ origin (Figure 1B,C,E,F).

Figure 1. Estimates of native richness (A–C), nonnative richness (D–F), and proportion of nonnative
richness (G–I) along the precipitation gradient for each land-use type (native, clearcut, and plantation),
resulting from the hierarchical linear model. The black curve represents the mean estimate of the model
that regressed richness/proportion with origin (only for richness), land-use type, and precipitation.
Gray lines correspond to 1000 simulations from the posterior distributions of the estimated parameters.

According to our models, species richness and proportion of nonnative species depended on the
precipitation level in all land-use types, as reflected by the non-zero slopes in Figure 2. While native
richness did not vary significantly with precipitation, nonnative richness increased as precipitation
increased in native communities (Figures 1A,D and 2A). This resulted in a lower proportion of
nonnative richness in more benign (wetter) sites compared to harsher (drier) sites (Figures 1G and 2B),
as our model showed. In clearcut communities, both native and nonnative species increased towards
more benign sites (Figures 1B,E and 2A). Modeled nonnative richness was, on average, ~3-fold
higher in more benign sites (higher precipitation) than in harsher sites (lower precipitation) in this
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land-use type. Thus, the modeled nonnative richness was higher in clearcuts compared to native
communities along nearly the entire precipitation gradient, with the exception of the drier sites
(Figures 1D,E and S1E). However, the proportion of nonnative species in clearcuts did not change
with precipitation (slope close to zero) although the slope was marginally different compared to
native communities (Figures 1H and 2B). Our model indicated that, compared to native communities,
plantations had fewer nonnative species in harsher sites but the difference in native and nonnative
richness was diluted in more benign sites (Figures 1D,F and S1F).

Figure 2. Modeled rate of change of native and nonnative richness (A), and proportion of nonnative
species (B) along the precipitation gradient. Points represent the mean estimated slope of the
linear model that regressed richness/proportion with origin (only for richness), land-use type,
and precipitation. Vertical lines are 95% confidence intervals (95 CI) of the posterior distribution. Slopes
in control communities represent the rate of change of species richness/proportion with precipitation.
Responses were considered different between native and nonnative species and among land-use types
when 95 CI did not overlap with each other or with zero, respectively. Slopes in clearcut and plantation
communities are relative to native communities (i.e., effect size). A positive slope indicates that species
richness/proportion increased at a higher rate than in native communities, while a negative slope
means that species richness/proportion decreased at a lower rate than native communities.

The modeled native plant cover was lower in clearcuts and plantations in comparison to
native communities along the precipitation gradient (Figures 3A–C and S2B,C). Instead, our model
showed that nonnative cover increased with precipitation (Figure A1A), following a similar pattern
as nonnative richness. In the harsher sites, nonnative cover in clearcuts was similar to native
communities, but in clearcuts, it tended to increase towards more benign sites (Figures 3D,E and S2E).
Proportion of nonnative cover decreased as sites became wetter in native and clearcut communities
(Figures 3G,H and A1B). In plantations, the modeled native and nonnative cover was close to zero
along the precipitation gradient, but nonnative cover increased as sites became more benign compared
to native communities (Figures 3C,F and S2F).
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Figure 3. Estimates of native cover (A–C), nonnative cover (D–F), and proportion of nonnative cover
(G–I) along a precipitation gradient for each land-use type (native, clearcut, and plantation), resulting
from the hierarchical linear model. The black curve represents the mean estimate of the model that
regressed cover/proportion with origin (only for cover), land-use type, and precipitation. Gray lines
correspond to 1000 simulations from the posterior distributions of the estimated parameters.

Clearcut and native communities were significantly different in terms of species composition and
species’ relative abundance (F = 3.06, p-value = 0.001; Figure 4). The stress value obtained from the
NMDS was 0.15, suggesting that the ordination was a good representation of the observed distances in
the reduced dimensions. The differences among clearcuts and native communities were high (Bray
Curtis distances higher than 0.5 in all cases) along the precipitation gradient. As the adonis test
shows, the differences in community structure among land-use types varied with level of precipitation
(F = 1.74, p-value = 0.001). Pairwise comparisons indicated greater differences between clearcuts and
native communities in the more benign sites relative to the harsher sites (F = 1.83, p-value = 0.006),
as suggested by NMDS (Figure 4). Additionally, the diversity of clearcuts increased with precipitation
(Figures 5 and A2); clearcuts were less diverse than native communities in the drier sites and became
more diverse in the wetter sites (Figures 5 and S3B). Likewise, the dissimilarity among plantations and
native communities was also affected by the precipitation gradient (F = 1.80, p-value = 0.01). Finally,
species turnover along the precipitation gradient (i.e., Simpson beta-diversity index (BSIM)) was high
for overall species composition (BSIM-control = 0.876, BSIM-clearcut = 0.851, BSIM-plantation = 0.713) and for
nonnative species composition (BSIM-control = 0.871, BSIM-clearcut = 0.814, BSIM-plantation = 0.692). In all
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land-use types, the identity of overall species composition and nonnative species alike varied along
the gradient [40].

Figure 4. Non-metric multidimensional scaling (NMDS) ordination plot of communities in
two-dimensional scales. Each point represents the ordination score of a community, and the distance
between any two points represents the difference between those two communities according to
Bray Curtis distances. Communities that are closer together are more similar in composition,
while communities that are farther apart are less similar. Ellipses represent 95% confidence intervals
around the centroid of each land-use type. Colors indicate different land-use types: green for native
communities, blue for clearcut communities, and red for plantation communities. Arrows point to
the sites with higher precipitation. Point size indicates the mean annual precipitation of each site,
where the larger the size of the point, the wetter the site.

Figure 5. Estimates of the Shannon diversity index along the precipitation gradient for each land-use
type: native (A), clearcut (B), and plantation (C), resulting from the hierarchical linear model. The black
curve represents the mean estimates of the model that regressed Shannon with land-use type and
precipitation. Gray lines correspond to 1000 simulations from the posterior distributions of the
estimated parameters.

Changes among land uses and along the gradient on the community descriptors were accompanied
by changes in species dominance. Overall, clearcuts had greater relative cover of annual and perennial
herbs and lower relative cover of shrubs and trees than native communities (Table A1). In clearcuts,
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the native tree Aristotelia chilensis and the non-natives Holcus lanatus (annual herb), Pseudotsuga menziesii
(tree), Cirsium vulgare (annual/biannual herb), Pinus ponderosa, and Rumex acetosella had the highest
cover values (Table S2). In contrast, in native communities, the most abundant species were the
native perennial herb Chusquea culeou, the native trees Nothofagus antarctica, Schinus patagonicus,
and Maytenus boaria, and the native shrubs Berberis microphylla and Colletia hystrix (Table S2). Plantations
showed lower total cover of both native and nonnative species but higher relative cover of trees than
clearcuts and native communities (Table A1). The most abundant species in plantations were the
non-native tree Pseudotsuga menziesii, and the rest of the species were notably less abundant than in the
other community types (Table S2). Furthermore, we found a high level of turnover where few nonnative
species occurred in more than half the sites (Table S2).

4. Discussion

Our results support the hypothesis that clearcut communities are more invaded by nonnative
species than native communities. Proportion of nonnative richness and cover were higher in clearcut
communities along the entire precipitation gradient. These results are similar to other cases previously
reported where the removal of mature nonnative pines led to secondary invasions [10,30,32,51],
but see [52]. However, Pauchard and Alaback [53] did not find high levels of invasions after
pine clearcutting in the native range of the pine species. Disturbance generated by the removal
of nonnative pines may increase resource availability and favor nonnative species, as suggested by the
fluctuating resource hypotheses [54]. This occurs either by reducing resource uptake [33,54,55] or by
increasing resource supply through residual biomass of the harvested trees [30,56]. However, these
effects are more likely to occur immediately after clearcutting [56], which suggests that long-lasting
legacy effects of pines may influence secondary invasions. In fact, pines produce below-ground
impacts that can indirectly affect post-removal above-ground communities [57]. For instance, pines
can reduce soil nutrient pools [58], decomposition rates [59], and soil pH [60,61]. Pines can also
affect soil biota and native mutualisms [31,62,63]. Thus, ecological legacies of pines can indirectly
promote the performance of nonnatives while hindering native species. For example, in New Zealand,
the nonnative Pinus contorta altered biogeochemical cycles and increased ectomycorrhizal inoculum,
which consequently generated a no-analog assemblage of species dominated by nonnative grasses and
herbs after pine removal [30].

Native and nonnative species richness in clearcuts was higher at sites with the highest amount of
precipitation. This suggests that native-rich communities tended to have more nonnative species than
native-poor communities in clearcuts [12,13]. One possible explanation is that in drier sites, there would
be fewer nonnative species adapted to the harsher conditions to be able to rapidly establish [6,14].
This would likely be due to introduction biases that altered nonnative species pools; nonnative species
adapted to harsher conditions may be underrepresented in the nonnative species pool compared to
nonnative species adapted to high-resource levels [64]. Instead, in the wettest sites, more benign
conditions would not filter out the stress-tolerant species. Therefore, clearcut communities would
have higher native and nonnative species richness and abundance [12]. The opposite occurred in
the native communities where nonnative species richness decreased in wetter sites. This led us to
hypothesize that under benign conditions, biotic resistance in native communities is higher than in
clearcuts. In undisturbed conditions, an increase in biotic resistance in native communities may explain
the lower nonnative cover and richness. Biotic resistance in native communities may be mediated
by an increase in native cover. Previous studies have discussed the role of native species enhancing
resistance to invasion owing to negative interactions among native and nonnative species [18–20].
Overall, young clearcuts showed greater nonnative invasions (had lower resistance to invasion) in
more benign sites compared to native communities.

Regardless of secondary invasion, the success of passive restoration depends on the capacity
of native species to (1) survive underneath pines and grow after removal or (2) recolonize the site
from the soil seed bank or seed rain [9]. Here, we found that plantations had a negative effect on
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native richness and cover along the gradient, as has been previously reported in Patagonia [65,66].
This suggests that plantations are not harboring native species in either the harsh or in the more benign
environments and that it is unlikely that they determine native community composition in clearcuts.
However, under more benign environmental conditions than evaluated in our study, plantations can
provide habitats for native species [67,68] and may accelerate passive restoration. For example, in more
benign environments (1855 mm of mean annual precipitation) in New Zealand, Brockerhoff et al. [69]
found a similar understory cover of native species in plantations and in the native forests. Seed banks
allow new species that do not occur in the understory vegetation to occur after the removal of pines.
Although our study did not directly address the role of seed banks influencing species composition,
evidence suggests that soil seed banks are mainly dominated by nonnative species in pine-invaded
communities around the world [10,70] and in other disturbed communities in Patagonia [71]. However,
the importance of seed banks determining native vegetation dynamics in Patagonian communities is
low [72,73] and variable along the precipitation gradient [73].

As we expected, young clearcut communities converge with native communities in the harshest
sites. We hypothesized that the current high-light environment of the clearcuts favors the dominant
native shade-intolerant species found in the harsher sites (steppe) and hinders native shade-tolerant
species commonly found in the more benign sites (forest). Patterns of diversity suggest that the increase
in native and nonnative richness in clearcut communities is driven by an increase in species abundance.
Thus, the differences among clearcuts and native communities along the gradient could likely be
explained by the higher proportion of nonnatives found in clearcuts across the gradient. Moreover,
clearcuts presented a higher relative cover of annual herbs and lower relative cover of shrubs and trees
in comparison with native communities, especially in the more benign sites. As native communities
are mainly dominated by shrubs and trees, native species in clearcuts are notably different from those
from native communities, especially in the wettest sites. We also found high species turnover along
the gradient. Nonnative species in the harsher sites may not be a subgroup of those established in
the more benign sites. Overall, one possibility is that clearcuts would need more time for passive
restoration to succeed, particularly if the stage dominated by annual herbs is transient or facilitates the
establishment of longer-live species typical of native communities. A more pessimistic scenario is that
clearcut trajectories diverge from native communities, leading to alternative states, which can occur
when plantations are burned [26]. Additionally, differences among plantation and native communities
can be due to the extremely low diversity and understory cover found in plantations.

If the goal is to restore native communities following invasion, clearcut practices may not be
an ideal technique to manage pines in Patagonia. Alternative practices, such as selective logging
or techniques that leave dead pines standing (e.g., through girdling or herbicide application), may
alleviate abiotic conditions (e.g., light, moisture) and promote native species compared to nonnative
species if native propagules are not limiting [51,53,69]. Moreover, the management of current
plantations (e.g., opening canopy) may increase understory biodiversity and accelerate clearcut
restoration [65]. Additionally, management timing can influence restoration outcomes [23,66]. It has
been found that the removal of pines allowed the regeneration of native communities in early stages
of invasion. However, larger legacy effects appeared in later stages of invasion, hindering passive
restoration [9,10,30]. In a more pessimistic scenario, return to the original native community may
require additional interventions such as the re-introduction of locally extinct native species and
their mutualists, or the modification of habitat conditions to make them more suitable for native
species establishment [31]. It is important to note that secondary invasions may also generate
economic problems by hindering the growth of desired species. For example, in its native range,
Pseudotsuga menziesii (a species of interest for forestry worldwide) was negatively affected by the
previous presence of the invasive nitrogen fixer Cytisus scoparius [74], a common nonnative species in
clearcut communities in our study area.

Our work provides empirical evidence that furthers our understanding of the response of native
and nonnative species composition to management under different environmental conditions. Thus,
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it may contribute to improve management approaches towards nonnative species and help the
development of a theoretical framework for biological invasions [2]. Our results highlight the need
to consider environmental context in the management of nonnative species. In harsh environments,
a lower number of nonnative species respond positively to the removal of a primary invader compared
to more benign environments, which also may have lower population and individual growth rates,
as suggested by lower nonnative cover. Therefore, managers may have more time to manage or control
the secondary invaders in harsher sites in comparison to more benign ones [2,6]. However, to achieve
conclusive results, further studies should increase the sampling effort and time elapsed since nonnative
removal, as well as conduct experimental studies that address the mechanisms underlying secondary
invasions’ patterns. Beyond that, based on our findings, it is not likely that clearcut communities that
are already invaded by multiple nonnative species will recover and resemble native communities
through passive restoration.

5. Conclusions

Removal of nonnative pines drives the secondary invasion of multiple nonnative species, altering
plant species composition relative to those of native community assemblages. However, nonnative
species richness and cover were higher in more benign (wetter) sites and clearcut communities were
more similar to native communities in the harshest (drier) sites. The results of our work highlight the
inefficacy of clearcutting to manage nonnative pines and restore native communities, especially in the
wettest sites. Our conclusions also draw attention to the importance of the environmental context of
management and reinforce recent arguments [2,6] that account for the biotic and abiotic context of
nonnative species management as crucial.
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Appendix A

Figure A1. Modeled rate of change of native and nonnative cover (A), and proportion of nonnative
cover (B) along the precipitation gradient. Points represent the mean estimated slope of the
hierarchical linear model that regressed cover/proportion with origin (only for cover), land-use
type, and precipitation. Vertical lines are 95% confidence intervals (95 CI) of the posterior distribution.
Responses were considered different between native and nonnative species and among land-use
types when 95 CI did not overlap with each other or with zero, respectively. Slopes in clearcut and
plantation communities are relative to native communities (i.e., effect size). A positive slope means
that cover/proportion increased at a higher rate than in native communities, while a negative slope
means that cover/proportion decreased at a lower rate than native communities.

Figure A2. Estimated rate of change of the Shannon diversity index along the precipitation gradient.
Points represent the mean estimate of the slope of the hierarchical linear model that regressed Shannon
with land-use type and precipitation. Vertical lines are credible intervals of 95% (95 CI) of the posterior
distribution. Responses were considered to be different when 95 CI did not overlap with zero.
For clearcut and plantation communities, the slopes represent the changes in the effect size of the
treatment (i.e., relative to native communities) with precipitation. A positive slope means that Shannon
diversity increased at a higher rate than in native communities, while a negative slope means that
Shannon diversity decreased at a lower rate than native communities.
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Table A1. Mean total cover (%) and mean cover (%) according to life forms (perennial herbs, annual
herbs, shrubs, and trees) for each land-use type at each site.

Sites
Land-Use

Type
Precipitation

Total
Cover

Perennial
Herbs

Annual
Herbs

Shrubs Trees

AA 2 Native 619 79.1 25.9 0.0 53.2 0.0
AA 2 Plantation 619 1.3 0.3 0.0 0.0 1.0
AA 2 Clearcut 619 15.5 0.9 0.2 1.7 12.8
AA 1 Native 648 70.4 0.0 0.0 10.8 59.7
AA 1 Plantation 648 3.2 1.2 0.0 2.0 0.0
AA 1 Clearcut 648 0.5 0.5 0.0 0.0 0.0
MC Native 805 117.4 30.5 15.6 25.5 45.8
MC Plantation 805 0.3 0.0 0.0 0.0 0.3
MC Clearcut 805 31.8 20.8 9.1 1.7 0.3
SJ 2 Native 824 65.3 10.4 3.6 28.5 22.8
SJ 2 Plantation 824 0.0 0.0 0.0 0.0 0.0
SJ 2 Clearcut 824 59.4 28.8 0.3 0.0 30.4
SJ 3 Native 827 33.5 5.5 3.1 20.7 4.3
SJ 3 Plantation 827 1.0 0.0 0.0 0.0 1.0
SJ 3 Clearcut 827 52.8 42.5 8.7 0.0 1.7
SJ 1 Native 846 108.3 24.2 37.4 31.3 15.4
SJ 1 Plantation 846 2.0 0.0 0.0 0.7 1.3
SJ 1 Clearcut 846 27.6 16.1 1.1 0.0 10.4

CON 1 Native 863 67.3 10.8 10.0 5.8 40.7
CON 1 Plantation 863 3.0 0.0 0.0 0.3 2.7
CON 1 Clearcut 863 62.3 10.3 48.1 0.5 3.5
CON 2 Native 876 66.5 10.1 1.1 50.4 4.8
CON 2 Plantation 876 2.2 1.4 0.0 0.0 0.9
CON 2 Clearcut 876 52.6 19.0 16.8 2.1 14.8
AMU 1 Native 973 106.3 27.8 0.3 24.3 53.8
AMU 1 Plantation 973 45.7 2.4 0.9 0.1 42.3
AMU 1 Clearcut 973 20.7 2.5 17.8 0.0 0.4
AMU 3 Native 983 96.3 11.3 3.6 18.0 63.4
AMU 3 Plantation 983 0.0 0.0 0.0 0.0 0.0
AMU 3 Clearcut 983 108.1 8.9 41.3 1.7 56.2
AMU 2 Native 995 97.6 7.6 0.6 25.5 63.9
AMU 2 Plantation 995 14.9 0.0 0.0 0.0 14.9
AMU 2 Clearcut 995 94.8 0.9 44.1 3.1 46.7

PM Native 1181 20.6 0.0 0.0 6.0 14.4
PM Plantation 1181 0.3 0.0 0.0 0.0 0.3
PM Clearcut 1181 68.2 32.3 17.7 18.2 0.0
VM Native 1216 38.2 23.3 0.3 8.3 6.4
VM Plantation 1216 9.0 0.1 0.0 0.0 9.0
VM Clearcut 1216 65.8 15.5 9.6 3.6 37.2
QQ3 Native 1262 111.3 76.8 0.0 0.0 34.5
QQ3 Plantation 1262 3.7 3.4 0.0 0.2 0.1
QQ3 Clearcut 1262 88.3 17.5 1.1 2.1 67.6
CF Native 1265 56.5 1.0 0.0 1.9 53.5
CF Plantation 1265 21.5 2.6 0.4 11.7 6.8
CF Clearcut 1265 48.4 17.8 20.4 9.0 1.2

QQ2 Native 1274 59.5 54.6 0.0 0.0 4.9
QQ2 Plantation 1274 0.0 0.0 0.0 0.0 0.0
QQ2 Clearcut 1274 99.0 47.3 47.3 3.8 0.6
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Abstract: We identified intra-annual climatic drivers of stem water relationships and growth in
foundation conifers at a subalpine site in the Great Basin Desert and at a montane site in the Mojave
Desert (Nevada, USA). Sites were instrumented to represent naturally different levels of heat and
drought stress as part of NevCAN (the Nevada Climate and ecohydrological Assessment Network).
We analyzed three years (2013–2015) of sub-hourly dendrometer records for limber (Pinus flexilis)
and bristlecone pine (Pinus longaeva) at the subalpine site, and for ponderosa (Pinus ponderosa) and
pinyon pine (Pinus monophylla) at the montane site. Multiple logistic regression was used to identify
relationships with environmental variables measured in-situ. At both sites, stem expansion occurred
during the early morning and late afternoon, and irreversible stem increment was concentrated in
the early morning hours. In subalpine species, stem growth started in late spring and continued until
August, while at the montane site stem growth was episodic, peaking during summer monsoonal
rainstorms. Circadian maximum and minimum stem size during the growing season were reversed
during the dormant season at the colder/wetter subalpine site but not at the warmer/drier montane
one. Knowledge of intra-annual tree-water relationships and stem growth helps understand how
sky island forests grow under highly diverse climatic conditions, including severe drought and
heat stress.

Keywords: arid environments; tree water deficit; point dendrometers; hydroclimate; north American
monsoon; stem water dynamics; Pinus longaeva; Pinus flexilis; Pinus ponderosa; Pinus monophylla

1. Introduction

The functioning and health of forest ecosystems depend on the adaptation of dominant tree
species to varying environmental conditions at multiple timescales [1]. Annual to multi-decadal
climate-growth relationships have been investigated in a broad range of biomes for a number of conifer
and broadleaf species using tree-ring proxies [2]. In order to understand how forest ecosystems will
fare under future global warming scenarios, it has become increasingly important to investigate the
physiological basis of individual plant adaptation to different levels of environmental stress [3–5].
Attention has therefore been driven towards identifying the mechanisms underlying patterns of hourly
to sub-hourly stem growth [6,7] and in particular how such patterns are affected by meteorological
and environmental variables under natural conditions [8,9].

Daily variations of woody stem size are the consequences of reversible phases of shrinkage and
swelling, reflecting reversible dynamics of stem water storage, as well as irreversible stem growth [10].
Stem contraction occurs when water uptake from the soil does not compensate for water losses from
canopy evapotranspiration [11], forcing the plant to recall water from the elastic tissues of the stem
(i.e., phloem, bark) into the sapwood [12]. Contrarily, when absorption from the roots is greater than
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the amount of water lost to the atmosphere, expansion of the stem is observed [13]. However, under
hyperarid conditions a tree may undergo prolonged periods of stem shrinkage [14]. Recently an
innovative methodological approach was proposed to separate water-deficit induced stem shrinkage
from irreversible radial growth [15], assuming that no growth is occurring during stem shrinkage
because of limited turgor pressure in the cambium cells [7].

The amount of water stored in tree stems and its contribution to daily water fluxes depends on the
tree species and individual characteristics, in particular tree size [16]. Stems, especially the sapwood,
hold the largest reserve of water in trees, and larger individuals hold greater reserves of water available
to fulfill daily physiological processes [17]. Larger proportions of sapwood may also facilitate water
movement through the stem under lower tensions compared to species with less sapwood under
similar evapotranspiration demands [18]. Even if the proportion of sapwood over total basal area is
not linked to environmental conditions [19], climatic stressors (such as drought) may deplete internal
storage by increasing water demand for transpiration [20] or by preventing the replenishment of
reserves [21].

Monitoring stem-radius changes using automated dendrometers is a widely used method to
define stem water dynamics [11,20,22,23] and tree growth response to short-term climatic factors [24].
Daily oscillations define the stem circadian cycle, which is composed by a contraction phase (i.e.,
depletion of water reserves), an expansion phase (i.e., replenishment of water reserve), and occasionally
a stem increment phase [22]. While diurnal (or diel) cycles depend on evapotranspiration, ultimately
balancing root uptake with canopy losses under normal conditions [12], prolonged periods of stem
swelling or shrinking may result in long cycles exceeding 24 h [4]. Positive/negative fluctuations of
stem radius resulting from diurnal and long cycles can then be used to highlight correlations with
environmental variables and their effect on tree growth and stem water dynamics ([10] and references
therein).

The Great Basin and Mojave Deserts of the western USA are characterized by arid and semi-arid
conditions, and water availability is generally the main limiting factor for natural systems [25].
Both deserts are characterized by pronounced elevation gradients in precipitation and temperature,
so that mountain ranges, depending on their elevation and topography, can be dominated by sky-island
conifer forests that experience dry and hot summers as well as cold and snowy winters [26]. Latitudinal
variability in climate also exists, as the northern areas tend to be characterized by winter and spring
precipitation, with associated snowpack dynamics, whereas the southern areas tend to be more affected
by summertime rainfall brought by the northwest edge of the North American Monsoon system [27].
Tree species growing in these regions are able to survive under a climatic regime characterized by
periods of hyperarid conditions [28], so that greater understanding of their ecohydrological dynamics
may help predict how tree species will fare under the warmer and drier world forecasted by global
warming scenarios in the western US.

We assessed tree-water relationships and the environmental drivers of stem circadian cycles in
four “foundation” [29] conifer species from the Great Basin and Mojave deserts of North America.
We analyzed three years (2013–2015) of continuous dendrometer records from two contrasting locations:
a subalpine site in the central Great Basin and a montane site at the border between the Mojave and
Great Basin deserts. Our study objectives were: i) to characterize daily and seasonal stem circadian
cycles in conifers experiencing different levels of heat and drought stress; ii) to characterize seasonal
dynamics and patterns of tree water deficit and irreversible radial growth; and iii) to investigate the
climatic drivers of stem size variations in order to assess species-specific levels of adaptation to local
conditions and hypothesize their responses to future warming scenarios.
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2. Materials and Methods

2.1. Study Area

Two sites separated by 2.5◦ latitude were instrumented for this study as part of the Nevada
Climate-ecohydrological Assessment Network (NevCAN; Figure 1a). Automated sensors were installed
between 2010 and 2013 to measure climatic and environmental variables at sub-hourly time intervals [30].
The Snake Subalpine West site (38◦54’22” N, 114◦18’32” W; 3355 m a.s.l.) is located on the western flank of
the Snake Range in central-eastern Nevada. Vegetation is a mixed-conifer stand dominated by bristlecone
pine (Pinus longaeva D. K. Bailey), limber pine (Pinus flexilis E. James), and Engelmann spruce (Picea
engelmannii Parry ex Engelm.). The Sheep Montane site (36◦35’25” N, 115◦12’51” W; 2320 m a.s.l.) is
located in southern Nevada, about 50 km north of Las Vegas. The canopy is composed of ponderosa pines
(Pinus ponderosa var. scopulorum Engelm.) and pinyon pines (Pinus monophylla Torr. & Frém.). The shrub
layer is absent or extremely sporadic at both sites. Parent rock material at both sites is composed by a
colluvium derived from limestone and dolomite. Soils are loamy-skeletal Lithic Cryorthens at the Snake
Range location, and loamy-skeletal Aridic Lithic Haplustolls at the Sheep Range site [31].

Figure 1. (a) Geographic location of the two study sites with respect to the hydrographic boundary
of the Great Basin (red shaded area). (b) Walter-Lieth climatic diagrams for the two study sites with
temperature (red labels) on the left y axis and total precipitation (blue labels) on the right one. Bars
below the x-axes indicate frost season (dark blue), probable frost season (light blue), and frost-free
season (no bars).
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The Snake Range, which falls within the hydrographic Great Basin, is characterized by cool-season
precipitation and associated winter snowpack dynamics. Average annual temperature during the first
five years of NevCAN operation (2010–2015) was 1.9 ◦C, and average total annual precipitation was
663 mm (Figure 1b). The Sheep Range is located near the hydrographic boundary between the Great
Basin and the Mojave Desert, one of the driest regions influenced by the North American Monsoon [32].
Based on NevCAN data for 2011–2015, the mean annual temperature was 10.7 ◦C, and the mean total
annual precipitation was 322 mm, mostly concentrated in July and August (Figure 1b).

2.2. Dendrometer Data

Automated point dendrometers manufactured by Agricultural Electronics Corporation (Tucson,
Arizona, USA) were installed on two pine species at each of the two sites. Observational noise caused
by the hydration and de-hydration of the bark is minimized by the mm2-area of the sensor tip and by
shaving off the outer bark before installing the sensor [33]. Stem radius is quantified by measuring
the horizontal linear displacement of a sensing rod, which is then turned into an electric signal with
a resolution of 4 μm over a range of 15,000 μm [34]. At the Snake Range, a total of 12 dendrometers
were installed on 6 bristlecone pines (Pinus longaeva, abbreviated as PILO), and 7 dendrometers
were installed on 4 limber pines (Pinus flexilis, PIFL) (on one tree it was possible to install only one
dendrometer). At the Sheep Range, a total of 8 dendrometers were installed on 4 ponderosa pines
(Pinus ponderosa, PIPO) and 8 dendrometers were installed on 4 pinyon pines (Pinus monophylla, PIMO).
Trees equipped with two dendrometers at different height along the stem, usually between the ground
level and about 1.5 m, were used to test that dendrometer traces did not depend on sensor location.
For each species, there was at least one dendrometer located in one of the four cardinal directions.

Instrumented trees were selected to represent the variability of stem sizes under natural conditions.
At the Snake Range the average diameter of instrumented trees was 41 ± 15 cm for PILO and 21 ± 9 cm
for PIFL, and the average height was 8 ± 2 m and 5 ± 2 m, respectively. Average diameter at the
Sheep Range was 53 ± 8 cm for ponderosa pine (mean height = 11 ± 2 m) and 30 ± 7 cm for pinyon
pine (mean height = 6 ± 2 m). Bristlecone pines instrumented at the Snake Range exceeded 240 years
of age [35], even though one of them was large enough that its stem age exceeded multiple centuries,
while limber pines usually did not exceed 100 years of age [14]. At the Sheep Range, age of instrumented
ponderosa and pinyon pines reached a maximum greater than 250 years.

2.3. Climatic Data

Climatic data recorded by the NevCAN stations were obtained from the Western Regional Climate
Center (www.wrcc.dri.edu/SRtransect/; www.wrcc.dri.edu/GBtransect/) and used to produce hourly
summaries for atmospheric and soil variables [35]. Correlation analysis was used to assess the degree
of predictor multicollinearity, and seven variables were selected for further study (Table 1): mean air
temperature (AirT), mean soil temperature at 50 cm belowground (SoilT), soil volumetric water content
at 17 cm (VWC17) and 32 cm (VWC32), total precipitation (PPT), dew point (Dew), and Vapor Pressure
Deficit (VPD). Dew point is directly related to atmospheric moisture content [36] and its importance
in hydrologic modeling is well recognized in the western US [37,38]. Dew point synthetizes four
atmospheric variables (relative humidity, barometric pressure, saturated and ambient vapor pressure),
which are required for its computation. Relative humidity (%) and barometric pressure (mb) were
acquired from the NevCAN station, while vapor pressures (hPa) were computed according to standard
formulas (equations (1) and (2), [34]) and then used to calculate dew point (◦C; equation (A.4) [39]).
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Table 1. Summary of climatic variables included in this study. Hourly means and range (minimum/
maximum) are shown for the June-September period during 2013–2015 (average climate conditions for
the whole year are shown in Figure 1b).

Snake Range Sheep Range
Variable Code Unit Subalpine West Montane

Air temperature AirT ◦C 10.4 (−12.8/25.7) 18.8 (−5.8/36.6)
Soil temperature (50 cm) SoilT ◦C 13.7 (−0.6/21.4) 19.0 (8.6/23.6)

Soil volumetric water content (17 cm) VWC17 % 7.0 (2.4/22.1) 6.9 (4.4/13.9)
Soil volumetric water content (32 cm) VWC32 % 8.8 (4.1/18.4) 8.3 (6.6/10.2)

Dew point Dew ◦C −2.6 (−34.6/8.9) 0.7 (−25.1/17.0)
Vapor Pressure Deficit VPD hPa 7.7 (0.2/21.7) 15.5 (0.2/42.2)

Total precipitation PPT mm 179 (0/9) 171 (0/51)

2.4. Extraction of Stem-Cycle Phases

All dendrometer records were processed using dendrometeR [40], a task-specific, open-source,
statistical package for analyzing sub-daily dendrometer data within the R software environment [41].
Half-hourly individual dendrometer measurements from January 1st 2013 to December 31st 2015 were
converted into daily stem increments by subtracting the previous day maximum from the current day
maximum, and then transformed into cumulative series by adding daily stem increments. Quality
control was performed to identify data gaps due to malfunctioning of dendrometers or data loggers.
Graphical and numerical data summaries were used to detect errors, and values > ± 2 standard
deviations from the daily mean were set as missing. No data gaps >12 h were found in our records,
and any shorter gaps were filled using an ARIMA model, as it is typically done in these studies [42].
To enhance the signal-to-noise ratio at the stand level while reducing possible effects of tree size
on individual measurements, corrected half-hourly records were combined in a site composite by
species [23]. Daily and monthly mean circadian cycles were computed for each species by aggregating
half-hourly measurements of stem radius from 2013 to 2015.

Xylogenesis studies conducted through repeated microcoring at the Snake Range on both
P. longaeva [35] and P. flexilis [14] found that the production of new xylem cells begins in early June
and continues until the end of August. At the Sheep Range, cellular measurements conducted on
P. ponderosa in 2015 and 2016 have shown that cambial phenology is driven by moisture availability,
with the formation of new tracheids occurring earlier in the spring after wet winters, but delayed
to late June-early July when water is supplied through monsoonal precipitation [43]. Therefore we
included in our analysis circadian cycles that started after June 1st and ended before September 30th.

Since daily cycles of stem size variations do not cover exactly a 24-h period [23], we distinguished
diurnal cycles (duration <28 h) from long cycles (duration ≥28 h) [4]. Long cycles from June to
September exceeded the average duration of diurnal cycles by two standard deviations or more.
For each species, we identified three different phases in circadian cycles [22]: 1) contraction (i.e., period
between a maximum in stem radius and the following minimum); 2) expansion (i.e., period between a
daily minimum and the following maximum); 3) stem increment (i.e., that portion of the expansion
phase starting when stem radius exceeds the previous cycle’s maximum). For each phase and for each
whole cycle, defined as contraction + expansion + increment (when present), we computed the onset
(hour of the day), the duration (hours) and the magnitude (μm), i.e., the difference between maximum
and minimum stem radius.

2.5. Modeling Relationships between Climate, Tree Water Deficit (TWD), and Real Growth (RG)

Stem water dynamics were analyzed separately from irreversible stem radial growth for each
species. To investigate daily patterns of stem water depletion and replenishment, we pooled together
expansion and increment phases to indicate “stem swelling” (SS), which indicates recharging
stem water reserves. Stem increment phases (sensu [22]) are often not associated with a “real”
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radial increment, especially when they occur as isolated peaks during prolonged phases of stem
shrinkage [44]. Therefore, to identify radial growth causing an actual increment in stem diameter,
we first created hourly time series of tree water deficit (TWD) according to [15]. Briefly, TWD is a
measure of stem shrinkage caused by water deficit, and it is measured in the same unit as stem radius
(either μm or mm). TWD is usually <0, indicating that the current stem radius is below the previous
highest recorded radius. When TWD equals 0, stem radius is increasing, stem water potential is near
saturation, and therefore irreversible real growth (RG) is observed [15]. Hourly values of stem radius
measured at TWD = 0 were used to compute curves of cumulative RG from June 1st to September 30th.

Because dendrometers readings can be affected by tree size, we used a probabilistic approach to
assess how the presence/absence of circadian phases, rather than their magnitude, was controlled by
climatic drivers. The relationship between environmental variables, stem swelling/shrinkage, and real
growth was investigated by species and for different time lags using logistic regression. Summaries for
each climatic variable were calculated up to a 24-h lag with a 3-h interval (i.e., t0, t−3, t−6, . . . , t−24),
producing a total of nine time lags for each explanatory variable (i.e., AirT, PPT, SoilT, VWC17, VWC32,
VPD and Dew), and a total of 63 predictors. Each hourly observation of stem size was converted to
a binomial variable, with “0” for shrinkage and “1” for swelling. Analogously, each hourly record
was converted to a binomial variable depending on the presence/absence of RG, with “1” for growth
and “0” for no growth. A blockwise variable selection was performed to select within each group of
variables the time lag that best fitted the binary dataset of stem swelling and real growth using simple
logistic regression:

Logit (πx) ln
(

πx

1 − πx

)
= β0 + β1x

with πx being the probability of stem swelling (or real growth) for a given value of climatic parameter
x, and β0 and β1 the intercept and slope of the regression. Goodness of fit for each model was assessed
using a Hosmer-Lemeshow test [45], and significance of individual parameters was tested with Wald’s
χ2 [46]. If two or more variables, at any time lag, passed the Hosmer-Lemeshow test, then those
variables were combined into a multiple logistic regression [45]:

Logit (πx) = ln
(

πx

1 − πx

)
= β0 + β1x + β2y + . . . + βnz

where x, y, and z are the n selected climatic variables, β0 the intercept of the regression, and β1, β2,
and βn the coefficients for the n climatic variables. The Hosmer-Lemeshow test was used again to
evaluate model calibration, while model discrimination capacity (i.e., the model’s ability to predict an
event correctly) was assessed measuring the area under a Receiver Operating Characteristic (ROC)
curve [47] computed using the R package pROC [48]. In order to account for time-of-day influence
on stomatal conductance and xylem water potentials, models of stem swelling and real growth were
computed separately for night (19:00–6:00) and day hours (7:00–18:00). Since more than 90% of the
seasonal cumulative real growth was completed by the end of August, the relationship between
climate, TWD, and RG was analyzed for the June-August period.

3. Results

3.1. Climate

Climatic data from 2013 to 2015 highlight differences between the two study sites (Figure 2),
in particular for seasonal dynamics of precipitation and soil temperature. Average air and soil
temperature during the summer at the Sheep Range site were higher, respectively by 8.4 ◦C and
5.3 ◦C, than at the Snake Range site (Table 1). At the Sheep Range, soil temperature at 50-cm depth was
close to 0 ◦C only occasionally between December and January (Figure 2), while at the Snake Range
soil temperature at 50-cm depth was constantly near 0 ◦C from November to May because of snowpack
presence. From June to August, daily variability of soil temperature was higher at the Snake Range
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(northern site) than at the Sheep Range (southern site) because of larger thermal excursion between
night and day. The average volumetric water content of both shallow (VWC17) and deep (VWC32) soil
was similar at the two sites, despite a much broader range of soil moisture from June to August at the
Snake Range (Table 1).

Figure 2. Site-wide composites of stem size variation during 2013–2015 computed for: (a) Pinus longaeva
(PILO) and Pinus flexilis (PIFL) at the Snake Range Subalpine West site and (b) for Pinus ponderosa
(PIPO) and Pinus monophylla (PIMO) at the Sheep Range Montane site. Daily time series of mean
air temperature (AirT), soil temperature at 50 cm belowground (SoilT), volumetric water content at
2–17 cm (VWC17) and 17–21 cm belowground (VWC32), and total precipitation (PPT) are also shown.
Gray shaded areas represent the 4-month period (June–September) considered for the analysis of
circadian stem size phenology.

At both sites, no significant correlation emerged between VWC17 and VWC32 within a time
lag of ±3–4 days. Total June–September precipitation was similar between the two sites (Table 1),
even though at the Sheep Range precipitation was mostly concentrated in the July–August period.
In fact, during 2013–2015 the fraction of total annual precipitation falling in July–August was only
15% at the Snake Range, but about 41% at the Sheep Range because of the North American Monsoon
system. Consequently, during June–September average dew point was higher at the Sheep Range
(0.7 ◦C) than at the Snake Range (−2.6 ◦C), even though the average vapor pressure deficit during the
same period was almost twice as large at the Sheep Range than at the Snake Range (Table 1).
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3.2. Seasonal and Daily Dynamics of Stem-Size Variation

Dendrometer traces (Figure 2) recorded at the Snake Range on PILO and PIFL (the northern species)
displayed stem increment starting in May–June, concurrent with increasing deep soil temperature,
and lasting until the end of August, with a subsequent gradual shrinkage during the winter (Figure 2a).
At the Sheep Range, stem-size variation for both PIPO and PIMO (the southern species) was smaller,
with major stem enlargement occurring in July with the arrival of monsoonal precipitation (Figure 2b).
On average, stem-radius increase was 3.1 ± 1.1 mm for PILO and 5.2 ± 1.3 mm for PIFL between
June 1st 2013 and September 30th 2015 (Figure 3a,b), while in the same period PIPO and PIMO showed
lower size increases, respectively 2.2 ± 0.7 mm and 1.4 ± 0.6 mm (Figure 3c,d).

Figure 3. Half-hourly individual dendrometer tracks of stem size variation (gray lines) for PILO (a),
PIFL (b), PIPO (c), and PIMO (d) from 1 January 2013 to 31 December 2015. Black bold lines represent
the site average. Species codes are the same as in the Figure 2 caption.

Circadian cycles showed seasonal variability and substantial differences between the northern
and southern pine species. At the Snake Range circadian cycles occurring during the cold season
(November–May) were opposite in phase than those occurring during the warm season and the early
fall (June–October) (Figure 4a). During the winter, for both PILO and PIFL, minimum stem radius
occurred in the morning (7:00–7:30), while maxima were in the afternoon (15:30–16:00). During the
summer and the early autumn, stem radius reached the maximum in the first hours of the morning in
PILO (5:30) and a couple of hours later in PIFL (8:00). Then daily shrinkage began, culminating in the
afternoon, first in PIFL (15:30) and then in PILO (17:00). At the Sheep Range no differences emerged
between cold- and warm-season stem cycles in PIPO and PIMO (Figure 4b). Maximum stem radius
occurred during the morning, first in PIMO (6:30–7:30) and then in PIPO (8:00–8:30). Minimum radial
dimension was observed in the afternoon (16:30–17:00) during the warmest months, and about two
hours later (18:00–18:30) during the cold season.
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Figure 4. Daily circadian cycles calculated over three consecutive years (from January 2013 to December
2015) and averaged by species for the winter/spring (November–May) and for the summer/early
autumn (June–October) at (a) the Snake Range, and (b) the Sheep Range. Species codes are the same as
in the Figure 2 caption.

The average number of full cycles completed between June 1st and September 30th during the
three years of study was 99 for PILO and 105 for PIFL at the Snake Range, and slightly less at the Sheep
Range for PIPO (87) and PIMO (97). PIMO showed the highest amount of long cycles (60, representing
21% of total cycles), while in PIFL only 16% of all cycles were long (49). The duration of diurnal cycles
was similar between species and sites, ranging between 23.7 and 23.8 hours (Table 2).

The onset of contraction started earlier at the Snake Range (05:20 in PILO and 04:29 in PIFL) than
at the Sheep Range (06:49 in PIPO and 05:40 in PIMO). On average each diurnal cycle caused a positive
increment of stem radius, as the stem size increase caused by the replenishment of stem water reserves
(i.e., swelling) was larger than the reduction associated with water depletion (i.e., shrinkage). Average
daily stem increment was about 1 μm for PIMO and 6 μm for PIPO at the Sheep Range, while it was
about 4 μm in PILO and 11 μm in PIFL at the Snake Range. Long cycles, which showed very high
variability, were longer at the Sheep Range (57.7 h in PIPO and 52.3 h in PIMO) compared to the Snake
Range (52.1 h in PILO and 46.1 h in PIFL), but lower in magnitude (Table 2). The average increment of
stem radius associated to long cycles was highest in PIPO (65 μm), and lowest in PIMO (38 μm).

Stem increment phases were mainly associated with long cycles: on average 68% of long cycles
showed a stem increment phase against 48% of diurnal cycles, without any site-related difference
between species. Long cycles produced higher stem increments, reflected in magnitudes that were
three–four times larger than in diurnal cycles (Table 2). The duration of each phase was directly linked
to its magnitude in all species, in particular for the increment, with similar correlations for PILO
(Pearson’s correlation coefficient r = 0.89, p < 0.001), PIFL (r = 0.80, p < 0.001) and PIPO (r = 0.89,
p < 0.001) but lower in PIMO (r = 0.68, p < 0.001) (Figure S1).
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Table 2. Summary statistics (mean ± 1 standard deviation) by species and phase at our study sites
for diurnal and long cycles of stem variation occurring from June to September (see text for details).
Onset = hour of day; Duration = hours; Magnitude = μm.

Snake Range Sheep Range

Phase Type Feature Pinus longaeva Pinus flexilis Pinus ponderosa Pinus monophylla

Contraction Diurnal
Onset 5:20 ± 1 h 51 m 4:29 ± 1 h 31 m 6:46 ± 2 h 16 m 5:40 ± 1 h 51 m

Duration 11.3 ± 2.0 9.9 ± 1.6 10.8 ± 2.5 9.6 ± 2.2
Magnitude 85 ± 40 69 ± 28 35 ± 50 60 ± 44

Expansion Diurnal
Onset 16:16 ± 1 h 36 m 14:11 ± 1 h 33 m 17:05 ± 2 h 23 m 15:14 ± 1 h 30 m

Duration 10.6 ± 2.3 10.2 ± 3.6 11.6 ± 3.0 12.6 ± 3.2
Magnitude 75 ± 39 59 ± 27 28 ± 13 48 ± 24

Increment Diurnal
Onset 4:52 ± 7 h 22 m 13:39 ± 9 h 01 m 5:19 ± 5 h 07 m 7:38 ±7 h 30 m

Duration 3.5 ± 2.1 6.0 ± 3.4 3.1 ± 2.4 4.5 ± 4.4
Magnitude 14 ± 14 21 ± 18 13 ± 73 13 ± 22

Whole cycle Diurnal
Onset 5:20 ± 1 h 51 m 4:29 ± 1 h 31 m 6:46 ± 2 h 16 m 5:40 ± 1 h 51 m

Duration 23.7 ± 1.9 23.8 ± 1.6 23.7 ± 1.9 23.8 ± 1.7
Magnitude 95 ± 43 87 ± 27 44 ± 69 72 ± 61

Contraction Long
Onset 6:58 ± 4 h 59 m 5:34 ± 4 h 40 m 7:39 ± 3 h 26 m 7:07 ± 4 h 41 m

Duration 22.6 ± 14.3 14.9 ± 8.3 21.8 ± 19.2 19.8 ± 21.6
Magnitude 73 ± 69 61 ± 38 35 ± 24 48 ± 34

Expansion Long
Onset 15:25 ± 3 h 08 m 14:26 ± 1 h 59 m 17:42 ± 2 h 45 m 15:33 ± 1 h 47 m

Duration 14.2 ± 11.6 15.3 ± 9.9 21.1 ± 19.4 23.7 ± 16.1
Magnitude 45 ± 36 51 ± 34 30 ± 18 39 ± 29

Increment Long
Onset 9:09 ± 7 h 04 m 12:33 ± 7 h 55 m 11:14 ± 8 h 05 m 11:58 ± 6 h 52 m

Duration 24.4 ± 17.8 19.5 ± 14.0 25.4 ± 27.6 15.8 ± 15.6
Magnitude 71 ± 54 53 ± 44 70 ± 101 47 ± 56

Whole cycle Long
Onset 7:05 ± 4 h 57 m 5:24 ± 4 h 33 m 7:43 ± 3 h 26 m 7:10 ± 4 h 43 m

Duration 52.1 ± 23.5 46.1 ± 16.6 57.7 ± 32.3 52.3 ± 27.8
Magnitude 122 ± 90 111 ± 56 84 ± 94 85 ± 63

3.3. Climatic Influences on Tree Water Deficit and Real Growth

Time series of tree water deficit (TWD) showed different seasonal patterns of stem shrinkage/
swelling between the Snake (Figure 5) and the Sheep Range (Figure 6). In general, all species experienced
periods of water stress, particularly in the second part of the growing season (i.e., August). PILO and PIFL
experienced lower values of TWD compared to PIPO and PIMO during June and part of July. At the Snake
Range TWD values reached zero almost every day, at least for a few hours, resulting in a slow but constant
real growth. A similar pattern was observed at the Sheep Range in June 2013 and 2014, but not later
in the growing season, when TWD dropped for both PIPO and PIMO to approximately −0.25 mm,
and RG occurred as episodic pulses driven by the onset of monsoonal precipitation (Figure 6). In 2015,
after a severely dry winter, real growth for both species at the monsoonal site was concentrated in just
three pulses during three major rainstorms: first in mid-June, second in mid-July, and third in early August.
At the Snake Range, the species characterized by smaller individuals (PIFL) completed 25%, 50%, and 75%
of total June–September radial increment usually 1–2 weeks before the species with larger average stems
(PILO). At the Sheep Range radial growth was simultaneous between the two species, with no size effect.
Stem swelling between June 1st and September 30th occurred prevalently during the night, between 18:00
and 06:00, especially at the Snake Range, whereas at the Sheep Range stem swelling was observed until
08:00 (Figure 7a,b). Real growth took place only in the morning hours, between 02:00 and 08:00 at the
Sheep Range (with a drop between 06:00 and 07:00; Figure 7c) and between 04:00 and 05:00 at the Snake
Range (Figure 7d).
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Figure 5. Tree water deficit (TWD) and real growth (RG) time series in 2013–2015 for PILO and PIFL
(Snake Range). Symbols represent quartiles of real growth observed between June and September
(circles = 25%; squares = 50%; triangles = 75%). Vertical bars represent total hourly precipitation. (Right
y axes also represent 100% of RG). For a definition of TWD and RG see main text. Species codes are the
same as in the Figure 2 caption.
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Figure 6. Tree water deficit (TWD) and real growth (RG) time series in 2013–2015 for PIPO and PIMO
(Sheep Range). Symbols represent quartiles of real growth observed between June and September
(circles = 25%; squares = 50%; triangles = 75%). Vertical bars represent total hourly precipitation. (Right
y axes also represent 100% of RG). For a definition of TWD and RG see main text. Species codes are the
same as in the Figure 2 caption.
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Figure 7. Average daily cycles of stem swelling (SS) and real growth (RG). Graphs (a) and (c) are for
the Sheep Range; graphs (b) and (d) are for the Snake Range. Species codes are the same as in the
Figure 2 caption.

Precipitation was the main predictor of stem swelling (SS) and radial growth (RG), appearing in
all logistic models developed for day (Table S1) and night (Table S2) hours, although with different
significance. Precipitation increased the odds of stem swelling and radial increment, and species
response was less than six hours. During the day, a 1-mm increase in total precipitation in the previous
3 h increased the odds of SS by 2 and 2.5 times in PILO and PIFL respectively. At the Sheep Range, PIPO
responded immediately to PPT (lag0), while the odds of SS in PIMO were affected by total precipitation
in the previous 6 hours (Table S1). Precipitation in the previous hour was a significant predictor of RG
in PIMO during both day- and night-time, and it increased the odds of RG by 1.2 times in PILO as well.
Air temperature, vapor pressure deficit, and soil temperature were the other variables that emerged as
significant predictors of SS and RG, although at different time lags depending on the species (Table S1).
In general, AirT had a negative effect on the probability of SS and RG in all species during the day.
At the Snake Range, stem swelling was favored by cooler mean temperatures in the previous hour
in PILO and 24 h in PIFL. Within these time frames, a 1-◦C increase in air temperature would make
stem swelling 0.8 and 0.9 times less likely to happen respectively in PILO and PIFL. During the night,
stem swelling was promoted by warm temperatures even at the Sheep Range (Table S2), where AirT
in the previous 3 h significantly reduced the odds of RG, respectively 0.8 and 0.6 times in PIPO and
PIMO. Vapor pressure deficit negatively affected both SS and RG in all species, but in particular it
decreased the odds of irreversible growth during the day at the Snake Range, and the odds of stem
swelling during the night at the Sheep Range. Warm soils favored SS at the Snake Range and RG of
PIMO at the Sheep Range, despite limited daily variability of soil temperature.

All logistic regressions passed the Hosmer-Lemeshow test at the Sheep Range but not at the
Snake Range (Tables S1 and S2). Model performances assessed through the area under the ROC
curve varied by species and by process (i.e., stem swelling vs. real growth). At the Snake Range the
daily dynamics of stem water replenishment were better captured for PILO, where multiple logistic
regression successfully predicted 76.1% of events, while at the Sheep Range daily stem swelling
dynamics were less well captured by the models identified for PIPO (65.8%) and PIMO (53.1%)
(Table S1 and Figure S2a). During the night, logistic regressions correctly predicted events of SS 65.8%
and 55.3% of times in PIPO and PIMO (Table S2 and Figure S2b). Within species and sites, real growth
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was in general better modeled than SS, with models for PIMO and PIPO predicting, respectively, 88.9%
and 74.1% of RG events during the day (Table S1 and Figure S2c) and 74.9% and 75.8% during the
night (Table S2 and Figure S2d). At the Snake Range, irreversible radial increment during the day
was successfully predicted 96.2% in PIFL, but less well during the night (79.5% and 56.4% of events
captured in PILO and PIFL respectively).

4. Discussion

4.1. Seasonal Dynamics of Circadian Cycles

The mechanisms underlying plant-water relationships and tree hydraulic status have been
investigated on a large number of species under controlled conditions, but much less research has
focused on understanding how such mechanisms are modulated by environmental and climatic
factors in natural conditions [8,9,23]. Albeit not including all co-existing tree species, our two study
areas are both representative of natural sky-island forests in the Great Basin and Mojave Deserts [30],
and differ remarkably for the seasonal dynamics of total precipitation and soil temperature. Therefore
they provide a unique opportunity to investigate daily and seasonal relationships between stem size
variations, tree water status, and their environmental drivers. At the subalpine Snake Range site,
lower air and soil temperatures together with the seasonal dynamics of the snowpack affect tree
growth, especially in the spring and early fall. At the Sheep Range monsoonal rainfall occurring in
July and August determines a temporary improvement of water availability, with higher soil and
atmospheric moisture, alternating with hyperarid periods. The similar duration of circadian stem
cycles at the two locations points toward a strong climatic control over the timing of replenishment
(i.e., stem expansion) and depletion (i.e., stem contraction) of tree water reserves (Figure S3). Onset
of stem water replenishment is much more variable than the onset of stem contraction in all species,
regardless of diurnal or long cycles. This pattern suggests that even if environmental parameters
driving transpiration (in particular temperature) play a primary role in stem-water dynamics [11,20,49],
replenishment of stem water reserves in these arid environments may start anytime during the day
if additional moisture is supplied [50]. The expansion phase began 1–2 h earlier in the afternoon in
species characterized by smaller individuals, i.e., PIFL at the Snake Range and PIMO at the Sheep,
compared to PILO and PIPO, suggesting that tree size, including stem diameter and crown dimension,
could also influence stem rehydration.

The average yearly number of cycles was similar between species, and so was the proportion of
long cycles, which ranged between 15 and 20%. The magnitude of both diurnal and long cycles is lower
at the Sheep Range, even though the duration of long cycles, especially in PIPO, is greater. This is likely
related to the fact that precipitation at the Sheep Range was episodic and concentrated in few abundant
rainstorms that greatly raised soil moisture. The temporary improvement of moisture conditions
triggered long cycles even though the severe evapotranspiration demands of the Sheep Range limited
the magnitude of the radial increment. The importance for PIPO and PIMO of monsoonal water
supplied in July and August is evident from the dynamics of stem size variation occurring after minor
precipitation events (i.e., <5 mm/day). These atmospheric events are not strong enough to trigger a
long cycle, and moderate stem increments associated with the temporary improvement of moisture
conditions are usually followed by a sudden stem shrinkage driven by high transpiration related to
summer air temperature. Most likely, under hyperarid conditions, once stem water has been refilled,
environmental factors controlling transpiration determine whether stem water fulfils transpiration
demands or can be diverted to the formation of new xylem cells [51].

Average monthly circadian cycles at the Sheep Range suggest that seasonality of soil freezing/
thawing has little effect on stem water dynamics. Since mean soil and air temperature rarely drop
below freezing, the risk of frost-induced cavitation for species growing at the southern site is limited if
not absent. On the other hand, the reversal of stem cycle phases in winter compared to summer/early
fall at the Snake Range indicates that extra-cellular water freezes during the cold season, creating
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a withdrawal of water from the bark and the outer stem tissues that leads to frost-induced stem
shrinkage, reaching its peak in the coldest hours of the morning [52]. Reversed-phase circadian cycles
between winter and summer months are commonly observed in mountain regions [20] but not in
species experiencing mild winter temperatures [53].

4.2. Climatic Drivers of Stem Swelling and Real Growth

Cumulative dendrometer series showed that radial increment was more sustained in the northern
species compared to the southern ones. More importantly, they captured site- and species-specific strategies
to cope with seasonal heat and drought stress, reflecting a high level of phenological plasticity and
adaptation to local conditions, in particular at the Sheep Range. PILO and PIFL present a well-defined
period of stem enlargement, starting in April–May, continuing as a steep monotonic increase from June
to August, and finally reaching a plateau in September. This pattern is typical of conifer species in cold
environments [22,54] or from regions characterized by winter dormancy [55,56], and reflects the potential
limitations imposed by frozen soil water during the first phases of xylogenesis [57]. At the Sheep Range,
stem enlargement is not continuous from June to September but rather episodic, with peaks in radial
increment occurring during summer monsoonal rainstorms, as particularly evident in 2015.

Logistic regression models were better at predicting irreversible radial growth than stem swelling
(i.e., replenishment of water reserves), especially during daytime. Cellular measurements of wood
formation conducted on PIPO at the Sheep Range in 2015 have linked stem rehydration driven
by summer precipitation with enhanced cellular division, leading to the rapid formation of new
layers of xylem, especially after dry winters, starting in mid-July [43]. These findings align with
previous studies from Northern Arizona, where stem radial growth and net photosynthetic rates
in PIPO were found to peak in July and August [58], when water stress is relieved by monsoonal
precipitation [59]. Studies on wood formation conducted in 2013 and 2014 at the Snake Range on
PILO [35] and PIFL [14] have highlighted seasonal patterns of xylem production comparable to radial
growth dynamics recorded by point dendrometers, with new cell formation starting in June and ending
in late August/early September.

A relatively limited number of variables (i.e., precipitation, air temperature, vapor pressure
deficit, and soil temperature) affected stem circadian phenology at both sites. The recurrent presence
of precipitation and air temperature as predictors for the presence/absence of stem swelling and
irreversible increment suggests that patterns of radial growth reflect site-specific dynamics of
evapotranspiration and interactions between moisture conditions and heat. All four pine species
experienced prolonged periods of intense water deficit, characterized by no irreversible expansion.
During such periods, the recharge of stem water reserves is incomplete, implying that water potential
in the cambium remains negative and no radial growth takes place [44]. The range of tree water deficit
was similar between sites, but subalpine species in the first part of the growing season presented
daily variation of stem size larger than the montane ones. Nevertheless, PILO and PIFL produced
regular radial increment, reducing stem water deficit at least for a few hours. PIPO and PIMO showed
limited water deficit in June, but then entered a long phase of severe water deficit interrupted only by
summer rainstorms.

Climatic response varied by site and species. At the Snake Range, soil temperature emerged as an
important driver of stem water replenishment. We then infer that species growing at high elevations,
like PILO and PIFL, benefit from increasing soil temperature even in semi-arid environments because
in warmer soils water viscosity increases, enhancing root water supply and growth [60], whereas
low soil temperature also decreases root hydraulic conductivity by inhibiting aquaporin activity [61].
The shifting sign in the relationship between air temperature and SS (negative during the day, positive
at night), is consistent with the high transpiration demands of both sites which largely affect the
daily circadian phenology for all species. On the other hand, the effect of air temperature on the
odds of irreversible growth seems to be equally fast in both PIPO and PIMO, but much different in
PILO and PIFL, with this last species responding to air temperature over a much longer period (12 h).

244



Forests 2018, 9, 396

This finding highlights the role of canopy architecture in controlling transpiration rates, as larger trees
with more portions of crown exposed to incoming solar radiation tend to transpire more than smaller
ones [62].

All species showed a fast response to total precipitation for time lags up to 6 h, in particular
during the day. While the contribution of precipitation to stem swelling was highly significant for all
species, PIMO was the only species for which precipitation had an immediate effect (in the previous
hour) on irreversible growth. This behavior shows that PIMO is able to use even small amounts
of precipitation during the growing season [23], likely due to a combination of higher transpiration
demands and lower internal stem water reserves. Large trees can store water in the canopy and in the
sapwood [17] to compensate for hydraulic limitations imposed by reduced moisture availability [16].
A species like PIPO can rely on internal reserves of stem water thanks to a particularly high proportion
of sapwood [63], while species characterized by smaller trees like PIMO might rely more on water
stored in the canopy. Since canopy reserves are rapidly depleted by transpiration [50], species with
lower stem water reserves (i.e., sapwood) would then be more dependent on external sources (i.e.,
precipitation) to replenish them. In this sense, small individuals might be favored against larger ones
in a drier/warmer climate [62]. The presence of a negative, yet non-significant, effect of precipitation in
the logistic regressions describing RG for PILO and PIFL may suggest that climate-growth relationships
near treeline are more complex than at lower elevations [64].

4.3. Implications for Species Adaptation to Climate Change

The fate of tree species under future warming scenarios depends upon their plasticity to adapt,
in particular to more frequent and severe droughts [65], hence research on drought-induced tree mortality
and its causes is essential to predict future vulnerability of forest species [66,67]. Compensatory mechanisms
have been observed via increased water use efficiency [68], physiological short-term regulation [69],
or phenological avoidance of dry periods [70]. At the same time, more severe and frequent droughts have
been identified as main drivers of reduced tree growth [71,72] and extensive forest die-off, often associated
with increased fire frequency and insect outbreaks [73,74]. A trade-off between drought resistance and
post-drought recovery has been observed in conifers growing under contrasting climatic conditions,
with trees from mesic sites showing higher resistance and trees from xeric conditions showing higher
resilience [75]. However, analyses of drought response patterns in relation to stem size variations measured
by dendrometers are still scarce in the western US [76].

Conifer species included in our study showed a high level of adaptation to moisture and heat
stress, which is reflected in their rapid response to even limited water supplies and to cooler temperatures.
The ability of conifer species growing at the xeric southern site to utilize episodic precipitation events during
an otherwise hyperarid growing season may represent an adaptation to extremely variable conditions.
In particular, it points toward opportunistic growth strategies driven by a high phenological plasticity,
which allows xeric southern species to adjust the timing of stem water dynamics with improved moisture
conditions (i.e., higher soil water content) and reduced evapotranspiration demands (i.e., lower vapor
pressure deficit). The fast response of PIMO to episodic rainfall might explain why single-needle pinyon
populations were minimally affected by early 2000s drought episodes, and have continued expanding in
the Great Basin [77], whereas Colorado pinyon (Pinus edulis Engelm.) has shown unusually high mortality
rates in recent decades. Ponderosa pine was previously shown to possess high phenological plasticity [43]
and greater capacity to recover pre-drought growth rates in old trees compared to young ones [78], pointing
again to the importance of internal stem water reserves for this species.

Rather than on phenological plasticity, adaptability of northern, five-needle species (PILO and
PIFL) to a changing climate might depend on the presence of favorable microclimates [79], which
determine less demanding evapotranspiration conditions. Rugged montane topography might reduce
the effect of climate warming by sheltering temperature-sensitive species [80], and some populations
of limber pine in the eastern Sierra Nevada have in fact retreated downslope in cool ravines to escape
increasingly dry conditions [81]. High-elevation species like PILO, whose growth dynamics are
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tightly linked to snowpack dynamics, might also develop different crown architectures in response
to rising temperatures [82]. Bristlecone pine growing under water limitation regimes at the White
Mountains maintains erect growth up to the treeline, whereas at the Snake Range krummholz growth
forms are more frequent [83]. In general, higher soil moisture, steep slopes, and shallow rocky
soils, all conditions found at the Snake Range site, favor strategies of drought resistance rather than
post-drought recovery [65], and the sparse structure of such high-elevation stands might actually
promote drought adaptation [81].

5. Conclusions

Dendrometer observations provided valuable information about tree responses to environmental
stressors. We found that stem circadian phenology of four foundation conifer species growing in
sky-island forests on desert mountains in the western USA were controlled directly by moisture or
indirectly by those factors favoring accessibility to available water. In warmer and drier habitats,
evapotranspiration demands, defined by a combination of air temperature and water availability,
were crucial in determining the possibility for conifer species to mitigate tree water deficit and produce
irreversible radial growth. In cooler and moister habitats, warm soil temperature was required to
facilitate the uptake of soil moisture, derived from a melting snowpack, by subalpine conifers in order
to recharge their internal reserves. The different thermal regimes at the Sheep Range (southern site)
and at the Snake Range (northern site) resulted in phase-reversed circadian cycles between cold and
warm seasons at the northern site but not at the southern one.

Our findings highlighted drought responses that can help understand future tree growth and
survival under a changing climate. At the southern site (Sheep Range), conifer species growing in xeric
conditions were able to utilize episodic precipitation events during an otherwise hyperarid growing
season. Such pattern was not present in near-treeline five-needle pines from the northern site (Snake
Range), where seasonal dynamics of stem radial phenology were linked to spring conditions and their
linkages to moisture provided by snowpack melting.
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