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Abstract: A dendrochronological network of conifers (Pinus leiophylla, Pinus cembroides,
Pinus engelmannii) was developed in the Cumbres de Majalca National Park (CMNP) in Chihuahua,
Mexico, to reconstruct historical runoff patterns and examine the impact of ocean–atmosphere
phenomena. The CMNP plays a vital role as a runoff source for Conchos River tributaries and ground-
water recharge for Chihuahua City and nearby populations. The ring-width chronologies displayed
a common signal from 1859 to 2021, with the highest association found between P. engelmannii and
P. leiophylla (r = 0.65) and the lowest between P. cembroides and P. engelmannii (r = 0.55). The first
principal component explained 75.7% of the variance, and among the species, P. leiophylla exhibited
the highest correlation (0.624, p < 0.05) with the accumulated streamflow records from the previous
November to July, allowing the construction of a bootstrapped model for runoff reconstruction. The
reconstructed streamflow spanned from 1859 to 2014, with an average of 2.732 × 108 m3. Periods
of low runoff occurred in 1860–1880, 1940–1960, and 1994–2014, while extreme wet years with high
runoff occurred in 1865, 1884, and 1987. The interannual streamflow variability correlated signif-
icantly with ENSO indices (SOI, MEI, TRI, and sea surface temperature anomalies), particularly
during the winter–spring seasons, indicating that warm phases of the ENSO increased precipitation
and runoff. The analysis of return periods revealed probabilities for specific runoff volumes, enabling
stakeholders to use the information to develop effective strategies for sustainable water allocation
and utilization in the region.

Keywords: tree-ring chronologies; streamflow reconstruction; ENSO indices; PDO; groundwater
recharge; bootstrap modeling

1. Introduction

The low availability of water resources in the north of Mexico, particularly in the state
of Chihuahua, constitutes one of the factors that historically has limited food production and
consequently favored regional famines and epidemics and triggered social conflicts [1,2].
Several studies have determined the interannual variability of Chihuahua for at least the
last three hundred years [3–5], where extreme droughts have been a common feature
with an increasing trend in the coming years, as suggested by climate models of global
warming [6–8]. Historical droughts of great intensity during the 20th century in Chihuahua
were reported in the 1930s, 1950s, and 1990s, where one of the most intense began in
1992 and extended until 2003 [9]. During the 21st century, the years 2011 and 2013 were
extremely dry, affecting food production, causing livestock deaths, and diminishing the
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resilience of forests in the state of Chihuahua and other states in the north and central parts
of Mexico [10,11]. Before this period, historical archives documented the presence of severe
droughts in the 1810s, 1790s, 1770s, 1750s, and 1720s [2]. Dendroclimatic reconstructions
also detect intense droughts in previous periods such as the 1670s, 1570s, and 1490s [12–14],
with severe impacts on forest ecosystems [15].

The transnational Conchos Basin, which is part of the hydrological region RH-24 Río
Bravo–Conchos, comprises approximately 32% of the surface area of the state of Chihuahua
and contributes to the production of water over an area of about 77,000 km2. However, this
area has not been sufficient to meet the water demand of nearly one million inhabitants
settled along the 560 km of Conchos River’s mainstream, where there are also serious
pollution problems [16]. Some dendroclimatic studies have been carried out involving
the entire Conchos basin, but understanding the hydroclimatic variability in the RH-24
sub-basins is essential for analyzing their contribution in terms of water yield, fluctuations
in its availability, and measures required for a sustainable management of this resource, as
well as for the conservation of ecosystems where the water resource is produced.

The tributaries that give place to the Conchos River begin in the foothills of the Sierra
Madre Occidental in the state limits of Chihuahua and Durango. This region is dominated
by mixed-conifer forests, whose species may last for several centuries and produce well-
defined annual rings sensitive to climate, particularly precipitation. The lack of extended
and confident hydroclimatic records in this basin prevents a proper understanding of the
interannual and long-term hydroclimatic variability of the Conchos basin, whose water
yield is used for agriculture purposes in the borderland region of Mexico and the United
States [5,17].

Given the presence of climatically sensitive tree species in mountainous areas of Chi-
huahua, this study focused on developing a network of dendrochronological series of
conifers growing in the protected area of “Cumbres de Majalca National Park, Chihuahua,
Mexico (CMNP)”, one of the Conchos River’s sub-basins. The tree-ring network could then
be used as a “proxy” for developing a streamflow reconstruction, which represents the main
runoff source for some of the dams located in the lower basin of the Conchos River. In addi-
tion, they constitute an important source of water for irrigation and groundwater recharge
for the aquifers that feed the state capital of Chihuahua, Mexico. Thus, the objective of
this study was to use tree-ring series as a proxy to analyze the interannual and multi-year
streamflow variability that has historically characterized the CMNP mountain system, de-
fine its trend and return periods, and analyze the influence that ocean–atmosphere modes
exert on this variability.

2. Materials and Methods

2.1. Study Area

The study site is located within the mountain range called “Cumbres de Majalca”, or
Cumbres de Majalca National Park (CMNP), a protected natural area currently managed
by the National Commission of Protected Natural Areas (CONANP). In physiographic
terms, it is in the transitional zone of two large provinces: to the west, the Sierra Madre
Occidental, and to the east, the Sierra and Valleys provinces, dominated by volcanic rocks
and separated by elevated inter-mountain valleys. The elevation of the area ranges from
2100 to 2600 m. The eastern portion of the park is transversed by the Majalca Canyon
stream, which originates in the Cumbres de Majalca at elevations of 1800 to 2300 m at
its eastern end. The CMNP is the origin of the Sacramento River, which drains into the
Chuviscar River before reaching Chihuahua City [18]. The climate is semiarid, with an
average temperature of 13.9 ◦C, ranging from 4.8 to 21.6 ◦C, and an annual precipitation of
345 mm, which falls particularly from July to August in the summer season [18].

The CMNP belongs to the Rio Conchos basin, integrated by three hydrological sub-
basins: the Guerachi River sub-basin, the Majalca Canyon sub-basin, and the La Fortuna
sub-basin, with areas of 15,521, 4515, and 536 hectares, respectively (Figure 1) [19]. The
CMNP includes the watershed and high recharge zone of two hydrological basins, where
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vegetation cover plays a preponderant role in the hydrological cycle and conservation of
biodiversity. Its proper functionality allows the supply and recharge of aquifers that feed
the rivers, a substantive basis for the agricultural activities of communities settled at the
foot of the mountain range and for most of the urban, suburban, and industrial areas of the
municipality and capital of Chihuahua [9].

Atmosphere 2023, 14, x FOR PEER REVIEW 3 of 17 
 

 

sub-basin, with areas of 15,521, 4515, and 536 hectares, respectively (Figure 1) [19]. The 
CMNP includes the watershed and high recharge zone of two hydrological basins, where 
vegetation cover plays a preponderant role in the hydrological cycle and conservation of 
biodiversity. Its proper functionality allows the supply and recharge of aquifers that feed 
the rivers, a substantive basis for the agricultural activities of communities settled at the 
foot of the mountain range and for most of the urban, suburban, and industrial areas of 
the municipality and capital of Chihuahua [9]. 

As the CMNP is located in the transitional zone between the Sierra and Valleys prov-
inces, it favors the presence of several plant communities, dominated by steppe vegetation 
at lower elevations composed of different grasses and shrubs (Juniperus monosperma) and 
temperate forest at higher elevations with the dominance of an oak-pine association [20]. 
The most important conifer species are Pinus cembroides Zucc., Pinus engelmannii Carr., and 
Pinus leiophylla Schl. & Cham. The conservation of plant communities along with specific 
species of fauna such as the American black bear (Ursus amaericanus) is of major concern 
to guarantee the provision of environmental services, among them biodiversity, amenity, 
runoff for the Sacramento and Chuviscar rivers, and groundwater recharge for the aqui-
fers that supply water for Chihuahua City and nearby municipalities [18]. 

 
Figure 1. Geographical location of the Cumbres de Majalca National Park, Chihuahua, Mexico, and 
gauge station 24226 Las Burras, which records the streamflow of one of the tributaries of the Con-
chos River. 

  

Figure 1. Geographical location of the Cumbres de Majalca National Park, Chihuahua, Mexico, and
gauge station 24226 Las Burras, which records the streamflow of one of the tributaries of the Conchos
River.

As the CMNP is located in the transitional zone between the Sierra and Valleys
provinces, it favors the presence of several plant communities, dominated by steppe vege-
tation at lower elevations composed of different grasses and shrubs (Juniperus monosperma)
and temperate forest at higher elevations with the dominance of an oak-pine associa-
tion [20]. The most important conifer species are Pinus cembroides Zucc., Pinus engelmannii
Carr., and Pinus leiophylla Schl. & Cham. The conservation of plant communities along with
specific species of fauna such as the American black bear (Ursus amaericanus) is of major
concern to guarantee the provision of environmental services, among them biodiversity,
amenity, runoff for the Sacramento and Chuviscar rivers, and groundwater recharge for
the aquifers that supply water for Chihuahua City and nearby municipalities [18].

2.2. Dendrochronological Methods

Increment cores and cross-sections were obtained from mature trees of P. cembroides,
P. engelmannii, and P. leiophylla within CMNP. At least two increment cores per tree were



Atmosphere 2023, 14, 1199 4 of 16

obtained from 45 trees of P. cembroides, 23 of P. engelmannii, and 60 of P. leiophylla. All samples
were processed using conventional dendrochronological techniques [21]. Quality control for
dating and tree-ring standardization was carried out using the dplR package in R [22]. To
eliminate age-related trends and other factors unrelated to climate, we employed negative
exponential curves to detrend the raw measurements [23]. Thus, we computed the tree-ring
width indices (RWIs) (according to tree species) by ratio, dividing the raw measurements by
the values from the fitted curve. To build a species-level chronology, we averaged the RWIs
using Tukey’s biweight robust mean. We also calculated dendrochronological statistics
such as intercorrelation series, Rbar, autocorrelation, Expressed Population Signal (EPS),
and Subsample Signal Strength (SSS).

2.3. Hydrometric Records and Data Filling

We used daily hydrometric records from the Surface Water Data Bank [24] to obtain his-
torical runoff data from gauge station 24226, also known as Las Burras
(28◦32′45′′ N–105◦25′20′′, 1120 masl), located in the Rio Conchos basin (Figure 1). The
station is located on the Conchos River, 6 km downstream from the confluence with the
Bachimba stream and 2 km before the confluence with the Chuviscar River. Daily runoff
data are available from 1949 to 2014; however, missing values were found, mainly during
the period 2004–2008.

To address missing records in the runoff data, we utilized the imputeTS package in R,
which offers several imputation methods. It is difficult to identify a single method that is
universally the best, as the efficacy of the algorithms relies on the characteristics of each
time series. Typically, for most time series, the na.kalman, na.interpolation, and na.seadec
algorithms tend to produce the best results [25].

In this study, we utilized the na.interpolation algorithm with the “stine” option to
impute missing values in the runoff series. The Stineman interpolation method employs a
second-order polynomial function (parabola) to interpolate between two adjacent points of
the time series. This method adjusts the curvature of the parabola based on the slope of
the adjacent points, which allows a better estimation of missing data in comparison with
simpler methods such as linear interpolation. For more information on the theoretical basis
of imputation algorithms, please see [26].

2.4. Reconstruction Approach and Bootstrapping the Final Model

A correlation matrix was computed between monthly historical runoff data and
species-level chronologies using a bootstrap Pearson correlation with the treeclim pack-
age to determine the best period for association between variables [27]. Furthermore, to
account for a common signal between tree species within CMNP, we performed a Princi-
pal Component Analysis (PCA) and selected the first component (PC1, 76% of variance
retained) for the same analysis. We tested single chronologies, pooled PC1 (PC1, 76% of
common variance), and stepwise regression procedures (using species-level chronologies)
for the runoff reconstruction, considering the period with the highest association. The best
approach was selected according to adjusted R2, Akaike Information Criteria (AIC), and a
Variance inflation factor (VIF) lower than five, when appropriate. Residuals for all models
were inspected for normality, trend, and autocorrelation.

Once we selected the best approach, we ran a 1000 bootstrap regression to provide
a more accurate inference among predictors. In this case, we used bootstrapping with
resampling, which results in multiple replicates of the original data. This procedure is
recommended when small databases are used and the data does not come from a normal
distribution [28]. We followed the calibration–verification procedure, using 60% of the data
for calibration and the rest for verification, and if reconstruction statistics were adequate
(Reduction of error—RE, Sign test—ST, and Root mean squared error—RMSE), the whole
period of recorded data was used to build the final model.
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2.5. Return Periods of Historical Runoff at CMNP

We estimated the return periods of historical runoff by fitting various probability
distribution functions (Gumbel, Normal, Log-Normal, and Gamma) using the software
Ax + b, version 13 [29]. The selection of the most appropriate function was based on the
Square Error, Kolmogorov–Smirnov, Chi-square, and Anderson–Darling tests.

2.6. Ocean–Atmosphere Phenomena

We determined the influence of different circulation phenomena on the variability
of the reconstructed volumes, correlating the historical runoff with the El Niño–Southern
Oscillation (ENSO), through different indices of this phenomenon such as the Southern
Oscillation Index (SOI), Multivariate ENSO Index (MEI), Tropical Rainfall Index (TRI),
and sea surface temperature anomalies (SST). Other analyzed phenomena were the Pacific
Decadal Oscillation (PDO) and the Atlantic Multidecadal Oscillation (AMO).

3. Results
3.1. Tree-Ring Chronologies at Species Level

Pinus leiophylla had the highest intercorrelation value (0.69), while P. engelmannii had
the lowest (0.53), but all tree species had values above the reference threshold (0.3281)
(Table 1). The longest series within CMNP was for P. cembroides, with 366 years (1656–2021),
while the shortest was for P. leiophylla, with 163 years (Figure 2). The parameters related
to the amount of signal captured by the sample respecting a master chronology (EPS and
SSS) showed reliable values for climate reconstruction purposes (e.g., EPS > 0.85). Notably,
P. leiophylla had the highest signal-to-noise ratio, more than double that of P. cembroides.

Table 1. Dendrochronological parameters of the total ring-width series located within the Cumbres
de Majalca National Park.

Tree
Species Period Length

(Years) n (Cores)
Intercorrelation

(Standard
Deviation)

Rbar EPS 1 SNR 2 SSS 3

Pinus
cembroides

1656–
2021 366 96 0628 (0.106) 0.421 0.986 25.669 0.868

Pinus
engelmannii

1807–
2021 215 46 0.528 (0.149) 0.317 0.955 7.821 0.892

Pinus
leiophylla

1859–
2021 163 130 0.694 (0.122) 0.525 0.993 33.936 0.910

1 Expressed Population Signal (EPS) quantifies how well a chronology based on a finite number of trees represents
a hypothetical true chronology; 2 signal-to-noise ratio (SNR) is a measure of the common signal intensity;
3 Subsample Signal Strength (SSS) is a measure of the amount of signal captured by a subsample of cores.
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The three chronologies were statistically correlated among them (p < 0.01) [Sup-
plemental material Table S1]. For instance, the highest association was found between
P. engelmannii and P. leiophylla (r = 0.65), while the lowest correlation was between
P. cembroides and P. engelmannii (r = 0.55). This was confirmed by the high percentage of
explained variance by the first component (PC1 = 75.7%), which confirmed high synchrony
in the ring-width series among tree species (Figure 3a). Notably, the second component
(PC2 = 14.3%) showed two separate groups, one including P. engelmannii and P. leiophylla
and a second one exclusively for P. cembroides (Figure 3b).
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3.2. Hydrometric Records and Imputed Data

Overall, we found high agreement between the observed and imputed data, as the
Pearson correlation coefficient (COR) was 0.97, indicating a strong positive correlation. The
performance metrics of mean squared error (MSE) and Mean Absolute Error (MAE) were
148.37 and 0.89, respectively. This suggests that the model used is effective in imputing
missing data in the runoff records. Furthermore, it is important to mention that imputed
data only represented 13.71% of the total hydrometric records (24,106) (Figure 4a).
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Figure 4. (a) Daily streamflow and (b) annual runoff from gauge station 24226 Las Burras. Black and
red colors represent the observed and imputed data in panel (a). The blue and red years represent,
respectively, the highest and lowest records for the annual streamflow in panel (b).

The average annual runoff was 6.341 × 108 m3 year−1, with notably dry periods
during the mid- and late 20th century. For example, the lowest record was found in 2001
(5.723 × 107 m3 year−1). A noticeable period below the average was found from 1994
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onwards, except 2008, which had the highest streamflow record (2.712 × 109 m3 year−1)
(Figure 4b).

3.3. Correlation between Tree-Ring Indexes and Monthly Hydrometric Records

The period with the highest association between monthly hydrometric records and
tree-ring information was the accumulated runoff from the previous November to July
of the current year (November-July, hereafter). At species level, Pinus leiophylla had
the highest correlation (r = 0.624, p < 0.05), followed by PC1 (r = 0.546, p < 0.05) and
Pinus cembroides (r = 0.390, p < 0.05) (Table 2). The period November-July represents, on
average, 53.68% of the total annual runoff and involves important periods for tree growth,
such as the previous winter, spring, and beginning of the summer season.

Table 2. Bootstrapped Pearson correlation between tree-ring chronologies and monthly runoff from
gauge station 24226 Las Burras (n = 1000). Correlations are statistically significant at p < 0.05; NS
means not significant. Note that Prev. and Curr. refer to months from the previous and current years,
respectively.

Month Pinus
cembroides

Pinus
engelmannii Pinus leiophylla Principal

Component 1

Prev. sep NS 0.330 NS NS
Prev. oct NS NS NS NS
Prev. nov 0.340 0.322 0.459 0.428
Prev. dec 0.386 0.302 0.497 0.463
Curr. Jan 0.266 NS 0.414 0.362
Curr. Feb 0.279 NS 0.433 0.365
Curr. Mar 0.337 0.277 0.560 0.478
Curr. Apr 0.355 0.343 0.681 0.567
Curr. May 0.301 0.294 0.614 0.500
Curr. Jun 0.450 0.314 0.616 0.555
Curr. Jul 0.340 0.400 0.588 0.523

Curr. Aug NS NS NS NS
Curr. Sep NS NS NS NS
Curr. Oct NS NS NS NS
∑ nov-Jul 0.390 0.351 0.624 0.546

3.4. Comparison among Approaches for Historical Reconstruction of Runoff

The species-level chronologies, as well as the PC1 chronology, were significant fac-
tors in explaining the November-July runoff, with higher performance observed for
Pinus leiophylla and the common signal extracted by the PC1 (R2 = 0.372 and R2 = 0.281,
respectively) (Table 3). The pooled model, which included all tree species chronologies,
did not find Pinus cembroides to be a significant factor. This finding was further confirmed
by the stepwise procedure, which discarded Pinus cembroides due to collinearity issues
with the rest of the chronologies (VIF > 5). Therefore, based on R2 and AIC, the best
model for reconstruction purposes was obtained through the stepwise procedure, utilizing
Pinus leiophylla and Pinus engelmannii as explanatory factors (Table 3). This model accounted
for more than 40% of the variance in the November-July runoff while also demonstrat-
ing no heteroscedasticity problems (p = 0.898) and having normally distributed residuals
(p = 0.277).
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Table 3. Statistical comparison among different models explaining the seasonal runoff November-July
with tree-ring information. * p < 0.05, ** p < 0.01, and *** p < 0.001. Note that superscript numbers
indicate the rank according to AIC.

Model Variables Estimates T Value p-Value R2 R2
adjusted AIC

Single tree
species

P. cembroides 1.952 × 108 3.279 0.0017 ** 0.189 0.132 2647.1
P. leiophylla 2.556 × 108 6.237 <0.0001 *** 0.382 0.372 2626.1

P. engelmannii 2.332 × 108 2.898 0.0052 ** 0.118 0.104 2649.2

Principal
component

model
PC1 1.723 × 108 5.095 <0.0001 *** 0.292 0.281 2634.9

Pooled model
P. cembroides −5.181 × 107 −0.693 0.491 0.424 0.396 2626.1
P. leiophylla 3.733 × 108 5.271 <0.0001 ***

P. engelmannii −1.879 × 108 −2.811 0.015 *

Stepwise model P. leiophylla 3.493 × 108 5.676 <0.0001 *** 0.412 0.401 2624.3
P. engelmannii −2.026 × 108 −2.004 0.041 *

3.5. Calibration, Verification, and Bootstrapping of the Final Model

For calibration purposes, we utilized the subperiod of 1950 to 1988, while the veri-
fication covered from 1989 to 2014. Both periods yielded statistically significant results,
explaining a runoff variance ranging from 38% to 44.5%. The Pearson correlation coefficient
ranged from 0.64 during the calibration period to 0.70 during the verification period. Addi-
tionally, metrics such as RE and ST demonstrated positive values, indicating satisfactory
reconstruction skills (Table 4).

Table 4. Verification statistics in the calibration and verification periods.

Period R2 R2
adjusted

Pearson
Correlation RE 1 ST 2 RMSE 3

Calibration
(1950–
1988)

0.413 * 0.380 * 0.642 * 0.413 * 39 * 9.298 × 107

Verification
(1989–
2014)

0.490 * 0.445 * 0.700 * 0.49 * 25 * 1.295 × 108

1 RE = Reduction of error (positive values indicate that the model has predictive skills); 2 ST = Sign test (relates
the number of agreements and disagreements between the observed and reconstructed); 3 RMSE = Root mean
squared error; * values are significant (p < 0.05).

Given the previous results, we used the whole period (1950–2014) to develop a boot-
strapped reconstruction model for the historical runoff in CMNP. The dependent variable
in this model was the November-July runoff, while the independent variables consisted of
species-level chronologies of Pinus engelmannii and Pinus leiophylla.

The final model was as follows:

Yi = 1.428 × 108 − 2.121 × 108 β1
i + 3.536 × 108 β2

i (1)

where Yi is the November-July runoff of year i and β1 and β2 are the tree-ring width indices
for P. engelmannii and P. leiophylla, respectively. Note that the parameters correspond to the
median of 1000 models (Figure 5a). The bootstrapped R2, R2

adjusted, and AIC for the final
model were 0.43, 0.41, and 2617.26, respectively. The lower AIC value suggests that the
model is a better fit compared to alternative models. The statistics indicate that the model
explains approximately 43% of the variance in the nov-Jul runoff and that the model’s
goodness of fit is relatively high. Although the tree-ring data show a sharp decrease from
1994 onwards, the predicted values of runoff were not as low as the recorded data, which
probably suggests lower synchrony during the last few decades (Figure 5b,c).
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Figure 5. (a) Bootstrapped coefficients: light color corresponds to 0.025 and 0.975 quantiles, while
dark corresponds to 0.25 and 0.75 quantiles; the black vertical line is the median for the 1000 replicates.
(b) Scatterplot between observed and predicted runoffs from November to July; the equation repre-
sents the average model for all replicates. The red lines are the linear regression for each replicate.
(c) Predicted runoff from November to July at each replicate (light-gray lines) and observed data
from gauge station 24226 Las Burras (black line).

The reconstructed runoff from November to July, spanning the period from 1859 to
2014, had an average of 2.732 × 108 m3, which is slightly lower than the average from the
available data from the gauge station (2.918 × 108 m3). Notably, periods of low runoff were
observed from 1860 to 1880, 1940 to 1960, and 1994 to 2014, with specific years being 1860
(0.564 × 108 m3), 1877 (0.846 × 108 m3), 1948 (1.29 × 108 m3), and 2009 (1.42 × 108 m3).
On the other hand, years with extremely high runoff events were identified in 1865, 1884,
and 1987, with increases of 63.5%, 121.97%, and 174.72%, respectively, compared to the
historical average. The last period with consistently above-average runoff (a wet period)
was observed from 1983 to 1989 (Figure 6).
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Figure 6. Seasonal reconstruction (November-July) of runoff events occurring in the catchment area
of the basin at the Cumbres de Majalca National Park and concentrated at the hydrological station
24226 Las Burras, Chihuahua. The black line is the mean from the bootstrapped reconstructions
(light-gray lines). The dashed horizontal line corresponds to the average historical runoff (1859–2014),
while the blue line is the recorded average at the Las Burras hydrological station from 1950 to 2014.
The red line represents a decadal spline to highlight low-frequency events (wet and dry periods).
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3.6. Return Periods

According to the analysis, the Gumbel distribution provided the best fit for the his-
torical runoff in CMNP. Based on this, we can infer that there is a 50-year return period
for events with a volume of 5.532 × 108 m3 (p = 0.019), which is approximately twice the
historical average (Figure 7a). Similarly, there is a 20-year return period for runoffs that
are 60% higher than the average (p = 0.051). Overall, we can state that there is a 90% prob-
ability of having runoffs above 1.506 × 108 m3, a 50% probability of runoffs being above
2.633 × 108 m3, and a 10% probability of runoffs being above 3.959 × 108 m3 (Figure 7b
and Table 5).
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Figure 7. (a) Fit of distribution function to historical runoff data (1859–2014). The red line represents
the best fit, which is the Gumbel distribution, while the gray lines represent the rest of the functions
(Normal, Log-Normal, Fréchet, Exponential, and Gamma). (b) Accumulated probability based on the
Gumbel distribution.

Table 5. Probability of occurrence of runoff volumes that can occur in the sub-basins of the CMNP
and be recorded at gauge station 24226 Las Burras.

Probability (%) Average (m3) Minimum Maximum n

<20 4.287 × 108 3.451 × 108 7.505 × 108 31
20.0–39.9 3.132 × 108 2.852 × 108 3.447 × 108 31
40.0–59.9 2.658 × 108 2.456 × 108 2.846 × 108 32
60.0–79.9 2.157 × 108 1.852 × 108 2.447 × 108 31
80.0–99.9 1.430 × 108 0.564 × 108 1.849 × 108 31

3.7. Association with Circulatory Phenomena

The comparative analysis between the reconstructed runoff and PDO showed a high
correlation for the period Jan-Sep (r = 0.42), indicating cooler sea surface temperatures along
the Pacific coast and increased rainfall in northern Mexico; these results were confirmed by
the positive correlation with SST from the previous September to June (r = 0.37). Positive
correlations were also found with MEI (r = 0.37) and TRI (r = 0.39), mainly during the
previous year’s conditions up until the end of winter (Table 6). The AMO index exhibited a
significant negative correlation for the previous year (September to December, r = −0.33)
(Table 6).
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Table 6. Association among different circulation phenomena indices and the reconstructed runoff
nov-Jul in CMNP, Chihuahua.

Index Months Period (n) Pearson
Correlation Probability

SOI reconstructed 1 prev. dec—Feb 1859–1977
(119) −0.331 p < 0.01

MEI 2 Jan–Feb 1871–2005
(135) 0.373 p < 0.01

TRI 3 prev. sep—Feb 1894–1995
(102) 0.386 p < 0.01

PDO 4 Jan–Sep 1900–2014
(115) 0.416 p < 0.01

AMO 5 prev. sep—prev.
dec

1859–2014
(156) −0.333 p < 0.01

SST 6 prev. sep—Jun 1859–2014
(156) 0.373 p < 0.01

1 SOI—Southern Oscillation Index [30]; 2 MEI—Multivariate ENSO Index [31]; 3 TRI—Tropical Rainfall Index [32];
4 PDO—Pacific Decadal Oscillation [33]; 5 AMO—Atlantic Multidecadal Oscillation index [34]; 6 SST—sea surface
temperature [35]. Months in lowercase letters correspond to the previous year, whereas months in capital letters
correspond to the current year.

4. Discussion

4.1. The Importance of the Tree-Ring Series in the Study of Ecosystem Services in the Region

Our research suggests that beyond classical ecosystem services such as timber pro-
duction, carbon sequestration, or oxygen release, pine species, particularly through their
annual rings, represent a proxy to study the natural variability of hydrological services such
as runoff, which is a major topic in the region [23]. The integration of tree-ring series from
different species to generate representative regional series has been a common practice
for the development of various dendroclimatic studies in northern Mexico, sometimes
even with chronologies that have a separation of more than 200 km [36,37]. In this case,
P. leiophylla exhibited the highest series intercorrelation and signal-to-noise ratio (r = 0.69,
SNR = 33.94, Table 1), reflecting the influence of a common limiting factor in the CMNP,
even surpassing P. cembroides, which is a tree species with high dendrochronological poten-
tial in the region [38,39].

P. leiophylla has a very wide range of distribution, extending from northwestern
Mexico southward along the Sierra Madre Occidental [40]. This opens the possibility of
using this species in a dendrochronological network for hydrological reconstruction in
the zone. It is important to mention that all tree species exhibited similar interannual and
multidecadal variation, as confirmed by the significant correlations among them (up to
r = 0.65) and the high proportion of common variance retained by the first principal
component (PC1 = 75.7%, Figure 3a,b).

4.2. The Runoff of the Gauge Station Las Burras and Its Correlation with the Tree-Ring
Chronologies

Overall, the imputation procedure yielded good results, aiding in the estimation of
missing data in the hydrometric records of gauge station 24226 Las Burras. For instance, we
calculated higher correlations between the observed and calculated data
(r = 0.97, Figure 4a). However, in the future, it is important to complement these im-
putation methods with precipitation records or other auxiliary variables to help detect
extreme events that may have occurred, as well as consider the use of multivariate al-
gorithms for imputing missing data. These algorithms provide similar results and, in
some cases, offer improved performance without the additional drawbacks of time and
computational requirements, particularly when time is explicitly treated as a variable [41].
In the case of the streamflow dataset from gauge station 24226, it was determined that,
to select the most suitable imputation algorithm, additional knowledge about the char-
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acteristics of the watershed, such as climate and flood event periods, is required. For
example, in 2008, an extreme waterspout occurred, impacting nearby localities near Chi-
huahua (https://www.elheraldodechihuahua.com.mx/local/parral/se-cumplen-13-anos-
de-la-tromba-del-2008-en-parral-noticias-danos-clima-destruccion-7147702.html; accessed
on 21 April 2023). Fortunately, this event coincided with the restart of the operation and
the availability of data from the gauge station. Otherwise, it would have been impossible
to impute the data considering only the previous months (Figure 4b).

The response of the tree-ring series to the runoff from November to July may be
associated with a strong connection to the accumulated precipitation from the previous
winter to spring (Table 2). This relationship has been well documented in the region
[3,12,14,42,43]. Winter–spring precipitation in this region generally occurs at low intensity
and often as snow, a situation that favors the process of water infiltration and accumulation
in the soil profile. The relatively lower evaporation compared to other seasons with higher
insolation allows a significant amount of this moisture to be available at the beginning of the
growing season. This, in turn, promotes radial growth in most conifers in the southwestern
United States of America and northern Mexico [23,44,45]. The increase in winter–spring
precipitation in this region is also influenced by cold fronts [46] and circulatory phenomena,
particularly El Niño in its warm phase [30].

4.3. The Historical Reconstruction of the Runoff in the Cumbres de Majalca National Park

Among all the statistical models evaluated, the stepwise procedure yielded the best
results, exhibiting the highest R2 and lowest AIC (Table 3). However, due to collinearity
issues, the P. cembroides information had to be excluded. Despite this limitation, the model
still demonstrated significant predictive power, capturing a substantial portion of the
runoff variance (≈40%) (Table 4). Unlike traditional reconstructions that rely on a single
model, our approach utilized a bootstrap procedure, which allowed us to estimate robust
coefficients, as depicted in Figure 5, resulting in more precise reconstruction values [39].

The runoff reconstruction from November to July covered 155 years, indicating severe
low values during the periods of 1860 to 1880, 1940 to 1960, and 1994 to 2014 (Figure 6).
These droughts occurred simultaneously in the northwest of Chihuahua [47] and Du-
rango [37] and extended to parts of the southwestern United States of America [45,48,49].
The reconstructed series showed periods of up to seven consecutive years of drought, with
runoff volumes below the recorded average. For example, the runoff during the periods
1892–1894 and 1994–1996 accounted for only around 50% of the average seasonal volume
that typically occurs from November to July. The drought from the last period extended
until 2003 and has been one of the longest recorded in Chihuahua [50]. However, it is
important to mention that the developed reconstruction does not include runoff data from
August to October, which represent 51% of the annual runoff. This situation could intro-
duce some bias when determining drought years in this region. For example, this caused
the extreme peaks of runoff observed in Figure 4a,b but not observed in the reconstruction
as they were recorded mostly in September.

The analysis of return periods revealed a low probability, less than 20%, of experiencing
historical runoffs of 4.287 × 108 m3 or more. This value is almost 50% higher than the
average recorded at gauge station 2426 from 1950 to 2014. Conversely, there is an even
lower probability, less than 0.01%, of finding runoffs below 1.43 × 108 m3 (Table 5). These
findings have important implications for water resource management, particularly for
designing water-use programs for agricultural and human consumption purposes. By
using the lowest estimates as a baseline for water availability, stakeholders can develop
effective strategies to ensure sustainable water allocation and utilization.

4.4. The Ocean–Atmospheric Modes and Their Influence on the Runoff

The hydroclimatic variability of northern Mexico is influenced by different atmo-
spheric circulatory modes, where the El Niño–Southern Oscillation (ENSO), the Pacific
Decadal Oscillation (PDO), the Atlantic Multidecadal Oscillation, and other atmospheric

https://www.elheraldodechihuahua.com.mx/local/parral/se-cumplen-13-anos-de-la-tromba-del-2008-en-parral-noticias-danos-clima-destruccion-7147702.html
https://www.elheraldodechihuahua.com.mx/local/parral/se-cumplen-13-anos-de-la-tromba-del-2008-en-parral-noticias-danos-clima-destruccion-7147702.html
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phenomena play a major role in the interannual variability of dominant climatic conditions
that characterize this region [7,30,49,51]. Our results indicated a positive correlation with
the ENSO for the reconstructed SOI (from the previous December to the current February),
TRI, and MEI from January to February (Table 6). This response suggests that the warm
phase of the ENSO (more negative values of this index) favors an increase in winter–spring
precipitation in this region, and consequently, it is reflected in a greater radial growth and,
thus, in the runoff in CMNP.

The teleconnection of the ENSO is stronger in the southwestern United States and
northern Mexico, where the warm phase (El Niño) of this phenomenon favors greater pre-
cipitation in the winter–spring seasons, whereas in the cold phase (La Niña), precipitation
is reduced [30]. Similarly, the PDO, an El Niño-like pattern of Pacific climate variability [52],
in its positive phase has been found to produce a positive effect on precipitation [53]. In this
case, we found a positive association during the period from January to September (r = 0.42).
Conversely, our results indicate a negative correlation with AMO and the reconstructed SOI
(Table 6). If we compare this response to the northwest part of the state, the relationship
between the SOI and earlywood indices was −0.4, very similar to the one obtained in this
study. However, for the western portion of Chihuahua, in its border area with the states of
Sonora and Durango, this value was −0.55 [12]. Finally, the positive correlation with TRI
(r = 0.39) suggests a direct influence of temperature anomalies on precipitation in the
tropical Pacific region [32].

5. Conclusions

A dendrochronological network of tree-ring chronologies of P. cembroides,
P. engelmannii, and P. leiophylla was developed in the Cumbres de Majalca National Park to
analyze its historical hydroclimatic variability. This area is an important source of water
recharge for the aquifers that feed the capital city of Chihuahua and contributes to the
streamflow of the Chuviscar River, a tributary of the Conchos River (a hydrological system
of transnational importance).

The dendrochronological series had a common climatic signal as indicated by the first
principal component explaining 75.7% of the common variance; however, the P. leiophylla
chronology with greater interseries correlation indicated a better association with gauge
records from the recorded station 24226, located in a tributary of the Conchos River. Using
a bootstrapped model, a streamflow reconstruction was developed for the accumulated
runoff from November to July, covering the last 155 years (1859–2014). This reconstruction
incorporated data from P. leiophylla and P. engelmannii. The results revealed significant
interannual variability, with periods of extremely low runoff observed from 1860 to 1880,
1940 to 1960, and 1994 to 2014. The historical runoff was influenced by ocean–atmosphere
phenomena such as the El Niño–Southern Oscillation (ENSO) during the winter–spring
season. Additionally, the Pacific Decadal Oscillation (PDO) exerted its influence from
January to September, while the Atlantic Multidecadal Oscillation (AMO) had an impact
from September to December of the previous year.
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gies.
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