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Abstract

Background: Climate-induced challenge remains a growing concern in the dry tropics, threatening carbon sink
potential of tropical dry forests. Hence, understanding their responses to the changing climate is of high priority to
facilitate sustainable management of the remnant dry forests. In this study, we examined the long-term climate-
growth relations of main tree species in the remnant dry Afromontane forests in northern Ethiopia. The aim of this
study was to assess the dendrochronological potential of selected dry Afromontane tree species and to study the
influence of climatic variables (temperature and rainfall) on radial growth. It was hypothesized that there are
potential tree species with discernible annual growth rings owing to the uni-modality of rainfall in the region. Ring
width measurements were based on increment core samples and stem discs collected from a total of 106 trees
belonging to three tree species (Juniperus procera, Olea europaea subsp. cuspidate and Podocarpus falcatus). The
collected samples were prepared, crossdated, and analyzed using standard dendrochronological methods. The
formation of annual growth rings of the study species was verified based on successful crossdatability and by
correlating tree-ring widths with rainfall.

Results: The results showed that all the sampled tree species form distinct growth boundaries though differences
in the distinctiveness were observed among the species. Positive and significant correlations were found between
the tree-ring widths and rainfall, implying that rainfall plays a vital role in determining tree growth in the region.
The study confirmed the formation of annual growth rings through successful crossdating, thus highlighted the
potential applicability of dendroclimatic studies in the region.

Conclusions: Overall, the results proved the strong linkage between tree-ring chronologies and climate variability
in the study region, which further strengthens the potential of dendrochronological studies developing in Ethiopia,
and also has great implications for further paleo-climatic reconstructions and in the restoration of degraded lands.
Further knowledge on the growth characteristics of tree species from the region is required to improve the
network of tree-ring data and quality of the chronology so as to successfully reconstruct historic environmental
changes.
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Background

Accounting for about 25% of the global terrestrial carbon
(Bonan 2008), tropical forests play a crucial role in regulating
regional and global climate dynamics (Lewis et al. 2009;
Zhou et al. 2013). The dry forests and woodlands in particu-
lar harbor diverse and multifunctional landscapes, thus play
vital roles in supporting vulnerable households at times of
hardships (including those increasingly affected by climate
change and variability) (Blackie et al. 2014). However, the
climate-induced challenge remains a growing concern in the
dry tropics and is threatening the counterbalancing poten-
tials of these ecosystems (IPCC 2007, 2013). Studies docu-
mented the dynamics of these ecosystems along with the
mechanisms by which the diverse species and their ecology
coexist in the face of global changes. But, most studies
undertaken on tropical forest dynamics paid much attention
to inventories from permanent plots and plant physiological
experiments (Lewis et al. 2009). Even though such monitor-
ing plots provided much of the evidence for understanding
tropical forest dynamics, they have shortfalls in that they
accounted only for short time horizons and limited areas
(Lewis et al. 2009; Zhou et al. 2013). This hindered under-
standing of the long-term responses and feedback of tropical
forests to global changes (including climate change).

Tree species in the dry tropics are predicted to be particu-
larly sensitive to the unprecedented climatic changes. Due to
the expected heightened warming and drying, tropical trees
will likely experience slow growth and high mortality rates
(Nath et al. 2006; IPCC 2007). So, in the absence of a thor-
ough understanding of the climate-growth relations of these
tree species, it is difficult to make inferences on the re-
sponses of dry forests to the changing climate. This entails
that there is a dire need to intensify such studies in the dry
tropics, and this, in turn, requires long-term datasets on
growth and climate relations (Clark 2007). In view of this,
shifts in research approaches were observed over the past
few decades, targeted at addressing the gaps of forest moni-
toring studies which used permanent sample plots. Of the
various approaches, tree-ring study has been identified as a
powerful tool to study climate-growth relationships and
thereby rectifying the scarcity of long-term growth data for
tropical forest trees (Rozendaal and Zuidema 2011; Zuidema
et al. 2012, 2013). Tree-ring research is generally envisaged
to provide the much-needed long-term data on tree growth
and tree recruitment. Tree-ring research in the tropics is in-
creasingly being employed in a range of applications, for in-
stance, to understand forest dynamics, determine forest age
structure, construct lifetime growth trajectories, predict tim-
ber yield, estimate minimum age for use and understand
climate-growth relationships (e.g. Fichtler et al. 2004; Brienen
and Zuidema 2005; Trouet et al. 2006; Gebrekiristos et al.
2008; Rozendaal and Zuidema 2011; Tolera et al. 2013). In
general, the available evidence proved the potential of
tree-ring studies for understanding the dynamics of tropical
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forests and their sensitivity to the changing climate through
the provision of reliable results (Brienen et al. 2016).

Despite the continued success stories on the wide ap-
plicability of tree-ring research in the tropical regions,
the formation of annual growth rings in tropical forest
trees was once doubtful (Lieberman et al. 1985) and still
remains controversial (Worbes 2002). There is a notable
lack of intensive tree-ring study in the tropics and thus
relatively fewer tree species have been documented com-
pared to the temperate and boreal regions where a dense
network of tree-ring data exists (Wils et al. 2011a). Hence,
more widespread application of rigorous tree-ring studies
will yield important insights into the mechanisms that
govern tree growth and forest dynamics in these regions.
Such knowledge is highly valuable to understand past
growth patterns and dynamics of tree resources in relation
to ecological factors (Brienen and Zuidema 2005), and in
assessing how tropical forests will respond to the pre-
dicted climate changes.

In regions with distinct climate seasonality, tree species are
forced to enter into periodic dormancy, thus tend to form
annual growth rings (Fritts 1976, pp. 1-25). But, their radial
growth (ie, the activity of vascular cambium) is influenced
not only by climate, but also by a range of environmental
and genetic factors (Cook 1987), and indeed their interaction
effects. This implies that the formation of different anatom-
ical wood features is both species-and site-specific. In the
tropics, the formation of annual tree-rings was reported in
association to various factors; for instance, seasonality in
rainfall (Worbes 1999), day length (Borchert and Rivera
2001), temperature (Fichtler et al. 2004) and even flooding
(Schongart et al. 2002). The different dendrochronological
studies conducted for various tropical tree species (e.g. Stahle
et al. 1999; Worbes 1999; Fichtler et al. 2004; Brienen and
Zuidema 2005; Schongart et al. 2006; Brienen et al. 2010) re-
vealed that rainfall is the main determinant factor for tree
growth although the effect of temperature variability was also
reported in some regions. However, growth response to the
climate signal is modified by tree species, provenance, com-
petition, and site conditions, among others (Fritts 1976, pp.
14-23). Therefore, such studies need to be intensified in dif-
ferent regions considering various tree species, and this is
important for planning and implementing restoration and
sustainable management endeavors in tropical forests, par-
ticularly that of the tropical dry forests (TDFs).

In Ethiopia, successful dendrochronological studies were
previously reported for different tree species (e.g. Gebre-
kiristos et al. 2008; Sass-Klaassen et al. 2008; Couralet et
al. 2010; Tolera et al. 2013; Mokria et al. 2017). But, it was
also revealed that the formation of annual rings is
species-specific and the formation and distinctiveness of
growth ring boundaries vary with specific environmental
conditions under which a given species grows (Rozendaal
and Zuidema 2011). Climate forcing of tree growth was
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also reported to vary among tree species elsewhere
(Enquist and Leffler 2001; Brienen and Zuidema 2005;
Couralet et al. 2010). Thus, undoubtedly, there is a need
to perform thorough tests of climate-growth relations for
more species and tropical forest types. It was argued that
site- and species-specific studies need to be intensified to
improve the network of tree-ring chronologies in the re-
gion and the country at large. Tree species suggested to
produce annual growth rings in a given agro-ecology may
not be annual or could be suppressed, under differing site
conditions elsewhere. Accordingly, this study was initiated
to further strengthen such studies in the dry Afromontane
forest fragments of northern Ethiopia, with implications
on their sustainable management through the provision of
evidence on species-specific long-term growth dynamics
and understanding their responses to various environmen-
tal conditions. The focus of this study was to first examine
the presence of visible tree-rings in the main tree species of
the remnant dry Afromontane forests and then analyze their
responses to various climatic variables. As the study area is
characterized by unimodal rainfall pattern with clear seasonal-
ity and prolonged dry season, tree growth is expected to be
periodically limited by water scarcity and that the inter-annual
variation in rainfall to be reflected in the chronological pattern
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of the tree-ring widths. The study attempted to address the
following research questions: (i) is tree-ring formation annual
and can tree-ring analysis be applied for studying long-term
vegetation growth dynamics in the study region? (i) is tree
growth correlated with climatic variables (rainfall and
temperature)? (iii) do the study species differ in their responses
to the climatic variables?

Materials and methods

Study area

The study was conducted in Desaa (13°40" to 13°50" N, 39°
47" E) and Hugumburda (12°38" N, 39°32" E) forests (Fig. 1),
the two major dry Afromontane forest remnants in northern
Ethiopia. These forests are mainly located along the western
escarpment of the Great Rift Valley facing the Afar depres-
sion (Aynekulu 2011). The area falls in the semi-arid
agro-ecological zone of Tigray region where the climate is
influenced by topography and exposures to rain-bearing
winds (Nyssen et al. 2005).

The regional climate shows distinct seasonality in rain-
fall with a unimodal pattern. The mean annual rainfall
was estimated at 532 mm in Desa’a (Abegaz 2005) and
981 mm in Hugumburda (Aynekule 2011). The main rainy
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season occurs from June to September, while the
remaining extended periods are more or less dry (Fig. 2).
Large areas of the forests are characterized by shallow
soils and frequent rock outcrops. The dominant soil types
are Leptosols, Cambisols, Vertisols, Regosols, and Areno-
sols (Aynekulu 2011). The study sites are generally charac-
terized by rugged topography. These forests are broadly
classified as dry Afromontane forests and are dominated
by Juniperus procera and Olea europaea subsp. cuspidate.

Sample collection and preparation

Samples were taken from the main and/or
co-occurring tree species in the dry Afromontane
forests of Tigray region, northern Ethiopia between
April and June 2017. Trees with no obvious injury
or disease were carefully selected to minimize non-
climatic influences (e.g. to minimize the effect of
reaction wood and wounds on the ring width pat-
terns) on ring growth. Increment cores and/or stem
discs were collected from a total of 106 trees be-
longing to three species, considering different diam-
eter classes (Table 1).
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For Olea europaea subsp. cuspidate, only stem discs
were collected due to its dense wood. The number of
stem discs was kept to a minimum to limit damage to
the already threatened population of the study species.
From each tree, a cross-sectional wood disc was taken
with a chainsaw, and, using an increment borer, two in-
crement core samples were collected per tree from op-
posite directions at breast height (approximately 1.3 m
from the base of all trees). Taking samples from the
breast height (near to breast height) is advisable because
it minimizes the occurrence of wedging rings (rings that
do not cover the whole circumference of the tree or that
are locally absent). Wedging rings appear more fre-
quently near the stem base (Lamarche et al. 1982).
Additional information such as DBH, location and
site characteristics were also recorded during the
sampling campaign. The collected samples were
carefully transported to, and open air-dried at the
wood-science laboratory of Wondo Genet College of
Forestry and Natural Resources, Ethiopia. After
air-drying, the cores and stem discs were sanded and
polished progressively with finer sanding papers of
grades ranging between 60 and 600 grit to improve
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Table 1 Study species and sample size in each study site
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Study site Species Family Sample distribution in each DBH class (cm) Total
10-15 16-20 21-30 > 30
Hugumburda Juniperus procera Cupressaceae 5 15 12 1 33
Olea europaea (subsp. cuspidate) Oleaceae 8 2 0 0 10
Podocarpus falcatus Podocarpaceae 6 5 3 4 18
Desa’a Juniperus procera Cupressaceae 2 14 12 4 32
Olea europea Oleaceae 0 7 5 1 13

the visibility of the growth ring boundaries and ana-
tomical features (Fritts 1976, p 249; Schongart et al.
2006).

Tree-ring measurement and crossdating

The sanded samples were examined both macroscopic-
ally and microscopically to identify the wood anatomical
features that define growth ring boundaries (Verheyden
et al. 2004). Growth rings on stem discs were detected fol-
lowing concentric features around the stem circumference.
When all rings on a disc were detected, and ring numbers
and characteristics matched along different radii, ring width
was measured along 3—4 radii of each stem disc. Similarly, in
increment cores, rings were marked, visually compared be-
tween the two cores and then measured. All ring widths
were measured to the nearest 0.001 mm using LEICA MS 5
microscope coupled with LINTABTMS5 digital measuring
stage associated to TSAP-dos software (Rinn 2003). Ring
measurements were performed along predetermined radii in
a straight line, and perpendicular to ring boundaries.

The resulting ring width series were visually cross-
dated along each radius to check for missing or wedging
rings that may occur in phases of low cambial activity.
Visual crossdating was undertaken with reference to
pointer years (i.e., the position of very narrow or very
wide rings to link rings detected on different radii). In
addition to visual crossdating, all ring width series were
statistically crossdated using the computer program
TSAP (Time Series Analysis and Presentation) (Stokes
and Smiley 1968, p 73; Cook et al. 1990). Two statistical
indicators were used to evaluate the match between the
time-series. These are the “Gleichlaufigkeitskoeffizient”
(GLK; equivalent to a sign-test) which reflects the per-
centage of ring width oscillations in the same direction
in two-time series within a certain time period, and the
“t-value BP” of Baillie-Pilcher (Baillie and Pilcher 1973).
Mean ring width series per tree were calculated when in-
dividual series of each radius of a given tree show signifi-
cant relationships, indicated by significant GLK (p <
0.001) having a value of more than 85%, and ¢-values
(above 4). These statistical parameters tell us about the
extent to which two curves are similar to each other and
were used to select the best-correlated series (Schwein-
gruber 1988, p 276; Fichtler et al. 2004; Worbes 2004). A

similar procedure was employed to crossdate all mean
ring width series for building a site chronology (Enquist
and Leffler 2001). Measured and crossdated ring width
series from stem discs were used as a benchmark to cor-
rectly crossdate the core samples. Samples that fail to
crossdate through these stages were excluded from the
subsequent analysis.

Climate data

The availability of weather stations in the study region is
extremely low and the existing climate records were frag-
mentary (ie., short climatic records containing missing
values for several months and/or years). This imposed dif-
ficulties for understanding the temporal and spatial cli-
mate variability of the study region, which is characterized
by a complex topography. Therefore, we used a combin-
ation of high-resolution climate datasets from AgMERRA
(at 0.25-degree resolution) (Ruane et al. 2015) and the lat-
est version of the Climate Research Unit time-series (CRU
TS 4.01) datasets (at 0.5-degree resolution) (Mitchell and
Jones 2005). These global grid datasets are widely used cli-
mate data sources in several studies, particularly in den-
droclimatological studies. Especially, the climate data
developed by the Climate Research Unit (CRU) of the
University of East Anglia have been widely used in several
studies given its global coverage, long temporal scale
(since 1901) and abundance of climatic variables (Trouet
and Van Oldenborgh 2013). These global grid datasets
were used to derive temperature (minimum and max-
imum) and rainfall data, and to supplement any fragmen-
tary climate data. The combined climate data spans the
period 1901-2016. For the response analysis, climate data
of the common years (1980 to 2016) were used.

Data analysis

After all ring width series were successfully crossdated, qual-
ity control was conducted using a running correlation calcu-
lated under the program COFECHA (Holmes 1983). A
smoothing cubic spline (with 50% wavelength cut-off) was
fitted, in time-windows of 32 years, to the ring-series of each
individual tree of all sampled species (Grissino-Mayer 2001).
This procedure was employed to remove the long-term
growth trends from the raw measurements and filter out
low-frequency variation attributed to disturbances other than
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the common signal of interest. After fitting a cubic spline
curve, residuals were calculated by dividing each raw value
by the predicted value of the fitted spline.

The residual tree-ring series were compared by calcu-
lating Pearson correlations in different segment lengths,
ranging between 30 and 35 years. By doing so, it was
possible to detect apparent dating and measurements er-
rors that might occur due to missing or wedging rings,
which caused a shift in the tree-ring series (i.e., higher
correlations of series’ segments at positions other than
dated). Tree-ring series that show low correlations than
the critical threshold (at 99% confidence level) provided
by COFECHA were re-examined, considering recommen-
dations on potentially missing or double rings provided by
the program. Samples that failed to get fixed through this
procedure were excluded from the analysis as the aim was
to maximize the common signal used for building the site
chronology. The main characteristics of the site chron-
ology were summarized using descriptive statistics.

Then, species-specific tree level chronologies were
established for each study site. For this purpose, individ-
ual growth ring series were detrended and standardized
using the dendrochronology program library in R pro-
gramming language (dplR) (Bunn 2008, 2010) to remove
possible ontogenetic trends and low-frequency variation.
The raw tree-ring series were standardized by fitting a
cubic spline with the same stiffness as for the quality
check (i.e., wavelength of 32years with 50% cut-off).
Detrending was used to estimate and remove the tree’s
natural biological growth trend. Standardization was
done by dividing the original data by an estimated
growth trend (estimated by the spline curve) to produce
a dimensionless growth series (a stationary index series)
free of autocorrelation caused by internal biological
growth trends. Then, the standardized series were aver-
aged to produce a single chronology per species in each
study site. The final mean chronology of each species is
a dimensionless ring width index (RWI) (with mean
equal to 1 and homogeneous variance).

Climate-growth relations were examined between the
indexed tree-ring series of each species and the climatic vari-
ables (rainfall and temperature) using treeclim package (in
dplR). Pearson correlations were first computed to assess the
relationship between the tree-ring indices and climatic vari-
ables (such as monthly and annual values of rainfall, mini-
mum and maximum temperature, and total rainfall in
distinct periods of the year). The relationships were separ-
ately tested for the climatic variables in a year, in the wet sea-
son (from Jun to September, JJAS), and at the beginning and
end of the wet season. A linear regression model was estab-
lished by taking ring width as the response variable and the
aforementioned climate variables as explanatory variables
(i.e. response function analysis). All climate variables used in
the analysis were standardized in R (dpIR packages, version
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34.3) to avoid the inclusion of long-term trends in the cli-
mate data. Then, the periods that showed the highest rela-
tionship were shown in the result. The site chronology was
also used for visual comparison with time-series of climate
variables which turned out to have highly significant influ-
ences during the analysis.

Results

Growth ring formation

Results of the tree-ring analysis showed that all the studied
tree species (/. procera, O. europaea and P. falcatus) have
clearly visible rings, but the distinctiveness of the ring bound-
aries varied considerably with tree species and sites (Fig. 3).
Such variations were also noticed within the different radii of
a given sample tree. For instance, ring widths appeared to be
narrower as we move towards the center and/or towards the
bark, or during periods of growth suppression (i.e. during
low cambial activity).

J. procera trees showed more distinct growth ring
boundaries, and are demarcated by the large, round and
thin-walled tracheids in earlywood and the small, flat-
tened and thick-walled tracheids in the latewood, which
run around the circumference of the stem discs. Simi-
larly, P. falcatus also formed distinct ring boundaries,
which are characterized by narrow bands of tracheids
with slightly thickened cell walls towards the latewood.
In O. europaea, the thick-walled vessels are surrounded
by scanty (marginal) parenchyma cells and appeared less
distinct compared to the other species. In some cases,
wedging rings existed in all of the studied trees particu-
larly along the shorter radii and were more apparent on
O. europaea. The occurrence of wedging and
intra-annual growth rings (false rings) were analyzed by
matching them against several radii on each stem disc
(i.e. visual crossdating). Attributed to various environ-
mental factors (e.g. the stand level growing conditions),
ring widths of the studied tree species showed consider-
able variations, ranging from extremely narrow to wider
rings. Variations in tree-ring widths were observed
within tree species (among the different radii) and
among tree species. This variation was also noticed
across the study sites. The studied tree species from
Hugumburda site, which is characterized by a relatively
moist climatic zone, showed visibly larger growth rings
than those in Desa’a site.

In any case, identification of tree-ring boundaries
and the wedging ring was easier on stem discs than
core samples and thus was used to assist identifica-
tion and marking of rings in core samples. Tree
species with clear and concentric bands (e.g. in /.
procera) were easily identified and marked than
those trees marked by thick-walled vessels (e.g.
Olea europaea).
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the growth ring boundaries
.

Fig. 3 Macroscopic view of growth ring boundaries of the sampled tree species; (a) J. procera, (b) P. falcatus, and (c) O. europaea. Dots indicate

Crossdating and chronology development

All the ring width series obtained were visually and
statistically crossdated and checked for their quality
using the program COFECHA. Summary of the de-
scriptive statistics of raw crossdated ring width
series for the sampled species in each site is pre-
sented in Table 2.

Crossdating among the ring width series of different
radii of a given tree was successful (GLK > 85%, p < 0.001;
t-values >4) for all studied tree species. However, cross-
dating of mean ring width series of different trees was
challenging particularly for slow-growing tree species,
such as O. europaea, which showed considerable varia-
tions in the distinctiveness of growth ring boundaries

Table 2 Descriptive statistics of raw crossdated ring width series for the study species in each site; t-value BP: t-value Baillie Pilcher,

GLK: Gleichlaufigkeitskoeffizient

Variables Mean statistical attributes (or ranges)

Hugumburda Desa’a

J. procera O. europaea P. falcatus J. procera O. europaea
No. of trees sampled 38 10 20 36 14
No. of dated series 33 10 18 32 13
Average diameter (cm) (range) 20 (12-42) 13 (10-19) 21 (11-39) 23 (14-50) 22 (16-35)
Average age (years) (range) 43 (23-65) 36 (28-46) 35 (20-54) 54 (32-112) 76 (48-129)
Time span (years) 1949-2016 1969-2015 1963-2016 1905-2016 1888-2016
Average ring width (mm) (SD) 231 (0.54) 201 (0.36) 250 (0.58) 1.83 (0.57) 161 (0.20)
Average correlation with master 0.51 0.54 0.54 0.57 0.55
1st order autocorrelation (unfiltered) 0.04 0.11 0.11 020 0.14
Average mean sensitivity 0.63 0.52 0.52 0.55 043
Standard deviation (filtered) 0.64 0.66 0.66 0.64 0.59
Flagged segments (%) 411 10 571 1.74 0.0
t-value BP (SD) 564 (1.33) 762 (127) 6.87 (2.0) 7.7 (3.0) 108 361)
GLK (SD, %) 955 (3.26) 98.3 (1.95) 94 (5.46) 93.7 (342) 94.1 (3.23)
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ranging from extremely narrower to wider ring widths.
Tree samples which showed higher intra-annual growth
and/or wedging rings failed to crossdate successfully. In
such cases, the ring width series which showed low corre-
lations than the critical threshold (at 99% confidence level)
provided by COFECHA were re-examined, as per the rec-
ommendations provided by COFECHA, and were cor-
rected accordingly. But, samples that failed to get fixed
through this procedure were excluded from further ana-
lysis as the intention was to maximize the common signal
of the series such that a site chronology can be developed.

Finally, out of the total 118 sampled trees, we were able to
synchronize ring width series of 106 trees (Table 2), which
showed significant correlations with their respective master
chronologies (Pearson correlation, r>0.42). The average
inter-serial correlation coefficients ranged from 0.48 to 0.56
in Desaa and 042 to 0.59 in Hugumburda for /. procera;
0.53 to 0.57 in Desaa and 0.46 to 0.59 in Hugumburda for
O. europaea; and 049 to 0.56 for P. falcatus in Hugumburda.
This is indicative of the quality of crossdating among the
tree-ring series, and therefore there is a common environ-
mental signal which drives tree growth in the region.

But, the ring width patterns of sample trees showed con-
siderable variations with species and sites. The low correla-
tions for the common periods suggest that the habitats in
the dry Afromontane forest fragments are heterogeneous.
Thus, the successfully crossdated ring width series were aver-
aged into five species chronologies (Figs. 4 and 5).

The longest tree-chronology, spanning from 1888 to
2016, was observed for O. europaea from Desa’a site,
followed by that of J. procera from the same site which
covered from 1905 to 2016. In Hugumburda site, how-
ever, the chronologies were relatively short due to the
difficulties encountered to access very old trees, particu-
larly for O. europaea and P. falcatus trees. It can also be
noted that the chronologies for some species (O. euro-
paea) are well replicated over a longer period of time
(e.g. >50% of the total samples are included from 1935
to 2016). With the other species, the chronologies are
moderately replicated, with more than half of the sam-
ples representing >50% of the time span of the chron-
ologies (from 1974 to 2016, and 1966-2016 for J.
procera from Hugumburda and Desa’a sites, respectively;
from 1981 to 2015 for O. europaea from Hugumburda;
and from 1982 to 2016 for P. falcatus).

All five chronologies showed high year-to-year vari-
ability and common environmental signal as clearly indi-
cated by the high values of mean sensitivity (0.43 - 0.63),
standard deviation (0.59 - 0.66), series intercorrelation
(0.51-0.57), and low values of average autocorrelation
(0.04-0.20). The EPS (Expressed Population Signal)
value for the study species ranged between 0.87 (O.
europaea) and 0.93 (J. procera), indicating the statistical
quality of the mean site chronologies.
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Climate-growth relationships

This study examined the relationships between the indexed
tree-ring series produced for each species and the climatic
variables (rainfall and temperature) at different periods of a
year. Results of the climate-growth analyses which showed
the highest correlations (i.e. with rainfall sums at distinct pe-
riods) are presented in Table 3 and Fig. 6. The correlations
were positive and significant when the tree-ring chronologies
were compared with annual rainfall and rainfall at the main
growing season (i.e. June—September, JJAS) (Table 3). How-
ever, all the correlations with rainfall of individual months in
the entire year were not positive and significant. For O. euro-
paea and P. falcatus, negative correlations were also noticed
at the beginning of the growing season (June). All other cor-
relations with annual rainfall and rainfall during distinct pe-
riods within the wet season were positive for all the studied
species.

On the other hand, the correlations between the chronolo-
gies and temperature (minimum and maximum tempera-
tures) were weak, alternating between positive and negative
relations across the study species and sites. For J. procera in
Desa’a site, however, negative and significant correlations
were observed with minimum temperatures (Fig. 6).

For each species, rainfall during the period of the highest
correlation (cf. Table 3) with their standardized ring widths
was further analyzed using simple linear regression model.
The results are shown in the scatter plots, along with the es-
timated linear relations, shown in Fig. 7, and confirmed a
positive and linear relationship between rainfall at the speci-
fied period (annual and wet season) and tree growth.

Discussion

Ring formation in the study species

As evinced from the macroscopic and microscopic exami-
nations, all the studied tree species exhibited clear growth
ring boundaries although the degree of distinctiveness var-
ies across species and study sites. Such variations in the
distinctiveness of growth rings among the study species
are attributed to differences in wood structures, which are
known to be species-specific as revealed by Detienne
(1989) and Worbes (1995). Moreover, it was believed that
the varied site conditions and disturbance factors contrib-
uted to this disparity by acting on tree growth.

The growth boundaries in J. procera, which are character-
ized by the alternating thin- and thick-walled tracheids (cf.
Sass-Klaassen et al. 2008; Wils et al. 2011a), are clear and
were identified easily; while those of O. europaea, which con-
sisted of scanty (marginal) parenchyma bands with
thick-walled fiber, are less distinct compared to the other
species, thus were more difficult to distinguish. The results
are in line with previous studies elsewhere in Ethiopia which
found clearly visible annual growth rings for different tree
species. For J. procera trees, the formation of distinct annual
growth rings was previously revealed in areas with distinct
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Fig. 4 The tree chronology (bold dark) and individual ring width index of crossdated tree-ring series (gray) of the study species, (a) J. procera, (b)
O. europaea, and (c) P. falcatus, from the remnant dry Afromontane forest in Hugumburda, northern Ethiopia; the dashed lines indicate the

cycles of wet and dry seasons (Wils et al. 2011b; Couralet et
al. 2005; Sass-Klaassen et al. 2008). However, considerable
variations were noticed depending on the site and climate
conditions where the species grows; it was even reported that
J. procera trees form indistinct and non-annual growth rings
in some areas in Ethiopia (Wils et al. 2009) and in Kenya
(Jacoby 1989) depending on the environment where the spe-
cies grows (e.g. in well-drained environment).

Similarly, the growth ring boundaries of P. falcatus consists
of radially aligned narrow and flattened tracheids, with
slightly thickened cell walls in the latewood cells. The cam-
bial activity of the evergreen P. falcatus trees was previously
studied in a relatively moist dry Afromontane forests in
Ethiopia and revealed the occurrence of intra-annual growth
resembling the annual growth rings following the onset of
intra-annual climatic conditions (Krepkowski et al. 2011).
This phenomenon makes the identification of the annual

growth ring boundaries more challenging. The study also in-
dicated that the occurrence of such false rings is irregular
and shows considerable variation among individual trees de-
pending on the changes in the microenvironment, thus
alerted the need for further analysis to proof the annual na-
ture of the rings. In this case, given the area is subject to ex-
tended dry periods with a relatively distinct cycle between
dry and wet seasons, it was possible to identify the annual
growth ring boundaries. For O. europaea, as to the know-
ledge of the researcher, no documentation on its dendro-
chronological study was found in Ethiopia.

In general, while the formation of distinct growth ring
boundaries is reported hitherto, their annual nature var-
ies considerably with different agro-ecology, thus urges
for intensification and replication of such studies at dif-
ferent ranges of the growing limits of these tree species.
The formation of distinct and annual growth rings, but
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with varying degree of distinctiveness among species,
was also reported for various other tree species in
Ethiopia (Gebrekirstos et al. 2008; Couralet et al. 2010;
Tolera et al. 2013) and elsewhere in the dry tropics (e.g.
Rozendaal and Zuidema 2011), even in the moist trop-
ical regions (Brienen and Zuidema 2005; Groenendijk et
al. 2014). The formation of annually resolved growth
rings in the tropics is most often attributed to the sea-
sonality in rainfall (Worbes 1995, 1999).

Alike to many other dendrochronological studies of tropical
tree species, this study confronted problems associated with
the occurrence of intra-annual growth zones (false rings) and
wedging or missing rings. In many tropical species, the exist-
ence of false and wedging rings hampered tree-ring analyses
(Worbes 2002). Trees growing in harsh environmental condi-
tions are often prone to develop multiple missing rings (Wils
et al. 2011a). In this study, such anomalies were especially ap-
parent in slow growth phases (suppression periods —which

Table 3 Pearson correlation coefficients for the relations between the ring width indices and total rainfall during distinct periods in
a year with significant levels indicated (ns, non-significant; *, 0.01 < p < 0.05; **, 0.001 < p < 0.01; ***, p < 0.001)

Site Species Correlations during distinct periods in a year
Annual Beginning of wet season Middle of wet season End of wet season Entire wet season (JJAS)
Hugumburda J. procera 0.59%** 007"™ 0.55%** 0.14"™ 0.56%**
O. europaea 0.34* -0.19"™ 0.44** 032™ 0.43%*
P. falcatus 0.52%%* -0.04" 0.51%* 002" 0.46**
Desa'a J. procera 022" 017"™ 031™ 015™ 0.36%
O. europaea 0.35*% 004" 029™ 002" 029™
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are induced by various growth limiting factors), and with nar-
rower rings and eccentric growth as shown with some stem
discs. Slow growing trees such as O. europaea trees, were as-
sociated with such anomalies and affected the accuracy of
growth ring identification. However, such problems were min-
imized by matching the growth ring boundaries across differ-
ent radii and by checking their continuity over the entire
circumference of a stem disc. Previous works also highlighted
the necessity of working with entire stem discs to increase dat-
ing accuracy and to address anatomical differences between
annual and intra-annual growth zones in tropical species
(Worbes 1995; Worbes 2002; Brienen and Zuidema 2005).

In this study, higher values of inter-series correlations and
mean sensitivity were found for all studied species across
sites. These higher values of inter-series correlations and

mean sensitivity (Stahle 1999) coupled with the significant
correlations of ring widths with rainfall confirm that the
rings were formed annually (Brienen and Zuidema 2005;
Brienen et al. 2016). Several other studies on tropical tree
species also used successful crossdating (Worbes 1995;
Stahle et al. 1999; Worbes et al. 2003; Fichtler et al. 2004;
Gaspard et al. 2018) and correlations between tree-ring
chronologies and rainfall (Worbes 1999; Fichtler et al. 2004;
Brienen and Zuidema 2005; Couralet et al. 2005; Baker et al.
2008; Brienen et al. 2016) as a proof for the formation of an-
nual growth rings for various tree species.

Therefore, as expected, the unimodal rainfall pattern
coupled with the extended dry periods induce cambial dor-
mancy during the dry periods followed by active growth dur-
ing the wet seasons, thus forming annually-resolved growth
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Fig. 7 Scatter diagram of relationships between rainfall (annual and wet season) and tree-ring indices of the study species in each site for a
common period (1980-2016)

rings. Results of this study agree with previous studies show-
ing that many tropical species are characterized by distinct
seasonal patterns of radial growth. This seasonality and the
long dry season particularly in water-deficit forest ecosystems
induces periodic cambial dormancy in trees, leading to the
formation of annual growth rings (Worbes 1999; Schongart
et al. 2006; Gebrekirstos et al. 2008; Sheffer et al. 2011).

Crossdating

Overall, crossdating among trees was successful for each tree
species in both study sites. Samples which failed to match
with the rest of the ring width series, probably due to the
high incidence of false, wedging, and/or missing rings were
excluded to minimize dating errors which may compromise
the master chronology. Thence, successfully crossdated ring

width series which showed higher inter-series correlations
were used to establish tree-ring chronologies for the study
species. Other studies conducted in a similar environment in
Ethiopia also reported successful crossdating for /. procera
trees (Couralet et al. 2005; Sass-Klaassen et al. 2008; Wils et
al. 2011b) and other tree species from the dry forests and
woodlands belonging to the genera Acacia (Eshete and Stahl
1999; Gebrekirstos et al. 2008) and Boswellia (Tolera et al.
2013; Mokuria et al. 2017).

Although it varies among species and regions, a series
intercorrelation value of about 0.4 is, generally, considered
crossdatable (Fritts 1976, p 254-268). In this study, high
values of mean sensitivity (0.43-0.63), standard deviation
(0.59-0.66), series intercorrelation (0.51-0.57), and low
values of average autocorrelation (0.04—0.20) were found. All
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the inter-serial correlations calculated in COFECHA were
greater than their respective critical levels (p < 0.001) for all
study species, implying that the statistical crossdating for all
study species is highly significant.

Several other studies, particularly from the dry tropical
regions found similar higher values of mean sensitivity and
inter-series correlations and revealed their significance for
tree-ring studies in the tropics. These site- and species-spe-
cific mean inter-series correlations are generally compar-
able (e.g. Wils et al. 2011a) reported it to be 0.52—0.59 for /.
procera trees sampled from North Gondar, Ethiopia or
within the range of other similar studies reported for vari-
ous tropical tree species elsewhere, which ranges from 0.24
(Trouet et al. 2006) to 0.63 (Therrell et al. 2006). The aver-
age mean sensitivity values reported here are also compar-
able or higher than those reported by several authors
elsewhere; for instance, an average mean sensitivity value in
the ranges of 0.25-0.50 was reported for J. procera from
Ethiopia (Wils et al. 2011b); 0.39-0.49 for Brachystegia spi-
ciformis Benth. From Zambia (Trouet et al. 2006), 0.42—
0.50 for three understory tree species from the Democratic
Republic of Congo (Couralet et al. 2010); and 0.27-0.29 for
Burkea africana Hook and 0.31-0.41 for Pterocarpus ango-
lensis D.C. from Namibia (Fichtler et al. 2004).

These statistical attributes of the tree-ring chronologies,
such as high inter-series correlations (Stahle 1999) and high
mean sensitivity values show that the chronologies are sen-
sitive to climate variability (He et al. 2013). The higher
year-to-year variability, expressed as mean sensitivity (Fritts
1976, p 261) together with low values of autocorrelation in-
dicates strong responses to annually changing environmen-
tal conditions (Sass-Klaassen et al. 2008). This is indicative
for the synchronous growth patterns among individual
trees of a given species, and that the studied tree species re-
spond to a common climate forcing which corresponds
with periodic wood formation among the trees (Worbes
1995). Similar to this study region, such strong inter-annual
variability of tree-ring chronologies is typical of moisture-
sensitive regions (Fritts et al. 1980), indicating that the
chronologies developed from the study species have cap-
tured strong common climate signals. Besides, the study
species showed an EPS value higher than the threshold
value (FPS > 0.85) suggested by Wigley et al. (1984) for the
reliability of chronology development. These results con-
firm that trees of the same species synchronize their growth
in response to a common environmental factor, providing
further proof for the applicability of dendrochronological
studies in the study region. Thus, these tree-ring chronolo-
gies are believed to provide useful climate proxy data to
study regional climate variations in the region and to study
the large-scale climate system. In general, the study con-
firms the potential suitability of tree-ring data from the
study region as a proxy for further dendroecological and
paleoclimate studies in the region.
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Climate-growth relations

All the study species from the remnant dry Afromontane
forests of northern Ethiopia showed positive and signifi-
cant relationships with rainfall of the main growing sea-
son (JJAS) and annual rainfall. This supports the claim
that plant growth in dry regions is more likely related to
the total available soil moisture than water availability
during specific periods, and thus the soil-plant system is
buffered at seasonal rather than monthly timescales
(Krepkowski et al. 2011). This can be ascribed to the
phenological characteristics of the evergreen tree spe-
cies, which are known to radially grow under sufficient
soil moisture conditions.

The formation of distinct annual growth rings in the
study species is also an indication of a common climate
forcing of tree growth, i.e., the rainfall seasonality which
is characterized by a unimodal pattern. This signifies the
detrimental role of moisture availability for tree growth.

The strong relations of the tree-ring chronologies with
wet-season rainfall is illustrated by a highly synchronous
pattern between growth and rainfall in Fig. 8 using part
chronologies from J. procera as an example.

The finding of this study agrees with Krepkowski et al.
(2011) and Brienen et al. (2016) who found that tropical tree
growth is sensitive to the amount of rainfall received. Other
similar tree-ring studies from the seasonally dry tropical re-
gions also found tree growth to be positively influenced by
rainfall seasonality (Gebrekirstos et al. 2008, Couralet 2010).
This positive relationship implies that rainfall is an overriding
climatic factor determining plant growth in the study region.
Some dendrochronological studies conducted elsewhere in
the tropics have also shown that tree growth is influenced by
rainfall seasonality in areas with rainfall amount ranging be-
tween 1000 and 1700 mm (Worbes 1999; Stahle et al. 1999;
Enquist and Leffler 2001). In view of this, the fact that the
amount of rainfall in our study sites is generally below 1000
mm signifies that plant growth is highly limited by water-def-
icit conditions in the study region.

In agreement with some findings of previous tree-ring
studies elsewhere in Africa (e.g. Fichtler et al. 2004; Gebre-
kirstos et al. 2008; Trouet et al. 2010), in this study, the
major seasonal precipitation displayed higher regression co-
efficient values with ring growth compared to annual pre-
cipitation (Fig. 7). Strong correlations of tree growth with
rainfall during the main rainy season were reported not
only for deciduous trees but also for many evergreen trop-
ical tree species (Worbes 1999; Enquist and Leffler 2001;
Fichtler et al. 2003; Gebrekirstos et al. 2008). A strong
wet-season impact on tree growth is expected as 90% of the
annual rainfall in most dry tropical regions falls during that
season (Brienen et al. 2010). Trouet et al. (2010) also re-
ported the influence of climate, and of precipitation in par-
ticular, on tree growth to be strongest at the core of the
rainy season.
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In this study, the overall pattern of tree species’ sensitivity
to rainfall was found to be more or less similar. Strong cor-
relations with rainfall occurred during the mid-rainy season
(July—August), whereas no significant effects of rainfall
were observed in the beginning and end of the wet season.
This finding is partially comparable to that reported by
Brienen and Zuidema (2005), who found the highest sensi-
tivity to rainfall early in the rainy season but insignificant
effect of rain late in the season. The authors argued such
sensitivity patterns to comply with the early saturation of
the soil water reserves which are then retained within the
entire season, entailing that there is more significance of
rainfall at the beginning of the rainy season than at the end.
Unlike this explanation, in this case, it is believed that the
small amount of rainfall during the beginning of the rainy
season is not sufficient to break the extended dormancy
period, but as the rainy season proceeds, the continued en-
richment of soil water can significantly enhance radial
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growth. But then, it shortly becomes limited towards the
end of the wet season, making it less significant for tree
growth again. Therefore, it seems plausible that the avail-
able amount of water during the mid-wet season largely de-
termines tree growth in the study region. The observed
variation in the strength of relationships of tree growth and
rainfall across species may be explained in relation to the
ontogenetic (physiological responses) and site condition
(other related environmental factors) differences and the in-
teractions thereof. Such differential growth responses may
be linked to functional traits related to water storage and
conductance (Mendivelso et al. 2013).

Besides, this study also recognized correlations with mini-
mum and maximum temperatures although they were
largely insignificant, alternating between positive and nega-
tive relationships. In this way, it can be inferred that
temperature has some degree of influence on the growth of
the tree species, but was generally complex and weak.
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Fig. 8 Visual comparison of rainfall during the wet season (JJAS) and part of the chronology for J. procera from the two study sites, Hugumburda
(@) and Desa'a (b), as an example to show the synchrony between tree growth and rainfall




Siyum et al. Forest Ecosystems (2019) 6:15

Negative relationships between tree growth and temperature
were also reported in other seasonally dry tropical regions
(Schongart et al. 2006; Gebrekirstos et al. 2008; Pucha-
Cofrep et al. 2015; Mokria et al. 2017). The negative relations
between temperature and the chronologies implies that high
temperatures may negatively affect tree growth, possibly by
increasing drought stress due to the enhanced evapotranspir-
ation losses.

In general, studies undertaken in the dry tropics have
highlighted the influence of climate on tree growth. These
studies revealed that tree growth is significantly correlated
predominantly with rainfall seasonality (Bullock 1997;
Stahle et al. 1999; Worbes 1999; Fichtler et al. 2004; Ther-
rell et al. 2006; Nath et al. 2006; Schongart et al. 2006;
Gebrekirstos et al. 2008; Brienen et al. 2010) in most of
these regions, and also with temperature variability in
others (Fichtler et al. 2004; Trouet et al. 2006). This im-
plies that climate signal is one of the main controlling fac-
tors for tree growth in tropical regions. However, growth
response to the climate signal is modified by tree species,
provenance, competition and site conditions, among
others as revealed by Fritts (1976). Therefore, such studies
need to be intensified in different regions considering vari-
ous tree species, and this is important for planning and
implementing restoration and sustainable management
endeavors in tropical forests, particularly that of the TDFs.

Conclusions

This study found anatomically distinct annual growth rings
and statistically validated cross-dating. The study species
were generally responsive to the seasonal rainfall availability,
particularly to the moisture during the core rainy season,
and the climate signals recorded in our study species re-
vealed a general coherence with several other climate-growth
analyses in Ethiopia and elsewhere in the tropics. Although
the strength of correlations was found to vary among the
studied tree species, overall, across species and sites, the rela-
tions between rainfall and tree growth were positive. The re-
lations with ring widths were particularly significant when
compared with rainfall during the core rainy season (JJAS).
But, the correlations with temperature (both minimum and
maximum temperatures) ranged from positive to negative at
certain periods of the year though they were weak. This im-
plies that rainfall remains the major climatic driver of plant
growth in the dry Afromontane forest fragments of northern
Ethiopia. At certain times, temperature, by contributing to
the high evapotranspiration losses, may also affect plant
growth negatively. However, differential growth responses to
rainfall were observed among the studied tree species and
between study sites, implying that the common climate for-
cing may be combined with effects emanating from ontogen-
etic and site condition differences (e.g. status of soil
nutrients, soil water holding capacities and tree’s water up-
take capabilities).
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The results also showed that trees of the same species
synchronize their growth in response to the common cli-
mate signal, providing further proof for the applicability of
dendrochronological studies in the study region. There-
fore, tree-ring data from the region can serve as a proxy
for further dendroecological and paleoclimate studies.
But, this has to be supported by further eco-physiological
studies to further understand the responses of these and
related main species to the varied environmental gradients
to better explain the dynamics in relation to emerging en-
vironmental changes.
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