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Abstract: The availability of water in Chile has shown signs of decline in recent decades. This
is problematic because Chile’s economy depends on mining, forestry, and agricultural activities,
all limited by the availability of water resources. In this study, daily, monthly and annual flows
in 31 basins located in the arid-semiarid zones (29°12’ S-33°58’ S) and in the humid-subhumid
zones (34°43’ S-38°30" S) of Chile were evaluated using the Mann—Kendall trend test and the
quantile-Kendall procedure during three periods: 1984-2021 (31 stations), 1975-2021 (20 stations),
and 1969-2021 (18 stations). Results showed that, at the annual level, trends were predominantly
negative in both climatic zones and over the three periods analyzed. In the arid—semiarid zone, a
higher frequency of annual significant negative trends was found in maximum flows in 1969-2021
and 1975-2021, compared to the last period under study. The humid-subhumid zone showed
significant annual negative trends in all series analyzed. At the monthly level, on the other hand, the
arid-semiarid zone showed a decrease in significant negative trends as the number of years analyzed
increased, for all flow types. The humid-subhumid zone did not indicate a similar defined pattern.
Likewise, the quantile-Kendall procedure showed a reduction in the significant trends as the length
of the time series was increased in the arid-semiarid zone, but no such pattern was observed in the
humid-subhumid zone. Furthermore, a relationship was observed for the PDO and the summer
month flows for both zones. Consequently, it is concluded that the flow trends are generally negative,
and their statistical significance depends on the period studied.

Keywords: Mann—Kendall test; Theil-Sen estimator; quantile-Kendall procedure; streamflows Chile;
climatic zones; time period length
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1. Introduction

Scientific evidence suggests that the world’s atmosphere has experienced an increase
in temperatures [1-3] and because Chile is in a climate transition zone [4], the phenomenon
of climate change could have a very high impact in this South American country, partic-
ularly for the availability and use of surface water resources. Thus, the influence of this
phenomenon on peak-flow behaviors could increase, as this important hydrologic variable
is extremely sensitive to climatic behaviors [5,6].

Hydrological variables such as rainfall and runoff are impacted by climate change,
raising concerns about their behavior in future scenarios, because they are directly influ-
enced by broad temporal and spatial phenomena [7,8]. In this sense, Carrasco et al. [9,10],
for example, analyzed the tendencies of the 0 °C isotherm in central Chile, a climatic
variable that directly affects the snow-glacial hydrologic behavior, concluding that it has
increased its elevation over time, i.e., there has been an increase in temperature [9,11,12]
and, consequently, the volume that was previously precipitated as snow is now most likely
transformed directly into surface runoff.

Floods are natural processes, with no periodicity and caused by a significant and
sudden increase in flowrates in a fluvial system, which involves a rise of water levels that
can overflow river banks and then progressively occupy the land above it, flowing into the
surrounding land [13-17]. According to Paoli et al. [18], floods that occur in hydrological
terms have a different degree of risk and a different probability of exceedance, depending
on peak-flow rates, volumes, or durations considered.

Countless studies around the world focusing on hydrological tendencies have
been carried out in recent decades, many of which confirming clear behavioral changes
(e.g., [19-22]). In Chile, however, this important topic is not well understood. Among
the most relevant conclusions are those by Novoa et al. [19,20], who analyzed stream-
flow tendencies in the Coquimbo region (northern Chile), finding mostly positive ten-
dencies, most likely due to glacier melting processes. Similarly, Pellicciotti et al. [21]
analyzed mean monthly streamflow rates for the Aconcagua river (Valparaiso region, Cen-
tral Chile), finding negative tendencies in surface water production, a conclusion supported
by Givovich [23] and Martinez et al. [22], who verified similar behaviors for mean annual
and monthly streamflow rates, respectively. Souvignet et al. [24], on the other hand, stud-
ied annual and seasonal temperature, precipitation, and flow tendencies in the Coquimbo
region, concluding that only two out of the nine watersheds involved had a negative and
significant annual tendency. Seasonally speaking, winter had more significant tendencies
(in three watersheds). Nevertheless, the authors considered a time period ending in 2006,
which motivates the need to revisit these studies using recent hydrological data, particu-
larly in the context of a climate change scenario and given the current megadrought that is
straining Chile’s freshwater resources to the breaking point.

Therefore, it is crucial to determine if streamflows (min, mean, and max) of watersheds
in central Chile have had significant variation in recent decades, which may potentially be
driven by climate change. In this context, this study intends to evaluate streamflow trends
for different temporal periods and in different watersheds in central Chile.

2. Materials and Methods
2.1. Study Area

The study area comprised 31 watersheds (or fluviometric stations) distributed within
central Chile, all distributed in the Coquimbo, Metropolitana, Maule, Nuble, Biobio, and
Araucania administrative regions (Figure 1). In terms of climate, according to the Koppen-—
Geiger climate classification [25], the Coquimbo region presents a cold, arid climate between
29°00" and 30°00’ south latitude, and a warm, arid climate between 30°00’ and 32°00’ south
latitude. The remaining regions (Metropolitana, Maule, Nuble, Biobio, and Araucania)
share a Mediterranean oceanic climate type, characterized by wet winters and long dry
summers. However, the Metropolitana region has a semiarid climate type as well, whereas
Maule and Biobio have humid and subhumid climates, respectively. As illustrated in
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Figure 1, a small portion of the study area is classified as tundra climate. Thus, each region
differs from each other in terms of area and climate (Table 1).

73° W 72° W 71°W 70° W

Coquimbo Region
Id Station
1 Rio Toro antes junta rio La Laguna
2 Rio Cochiguaz en El Pefién
3 Rio Hurtado en San Agustin
4 Rio Grande en Las Ramadas
5 Rio Cogoti en Fraguita
6
7
8
9

30°S

Rio Combarbala en Ramadillas
Rio Pama en Valle Hermoso
Rio Illapel en Las Burras
Rio Illapel en Huintil
10 Rio Choapa en Cuncumén

32°S

Metropolitan Region
Id Station
11 Rio Mapocho en los Aimendros
12 Rio Colorado antes junta rio Olivares
13 Rio Olivares antes junta rio Colorado
14 Rio Maipo en San Alfonso
15 Rio Volcan en Queltehues
16 Rio Maipo en Las Hualtatas

34°S

Maule, Nuble, Biobio and
Auracania Regions

[ Id Station

\og 17 Rio Teno después de junta con Claro
18 Rio Claro en los Quefies
19 Rio Teno bajo Quebrada Infiernillo
20 Estero Upeo en Upeo
218 Rio Claro en Camarico

22 Rio Colorado en junta con Palos
23 Rio Palos en junta con Colorado

"
gg 24 Rio Lircay en puente Las Rastras
’ 25 Rio Achibueno en La Recova
26 Rio Longavi en El Castillo
27  Rio Perquilauguén en San Manuel
28 Rio Nuble en San Fabian
29 Rio Diguillin en San Lorenzo (atacalco)
) 30 Rio Biobio en Rucalhue
03 31 Rio Lonquimay antes junta rio Biobio
Legend Képpen-Geiger Climate
e Fluviometric stations ET EF (s) [ Csb (i) BSk (s) Cfb (s)
ET (s) Csb B Csc BSk (s) (i) I Cfb (s) (i)
EF I Csb (h) BSk Cfb Cfc (s)

Figure 1. Distribution of fluviometric stations and climate types within the study area. Our own
work using data from Sarricolea et al. [26].

Table 1. Characteristics of each region.

Region Area (km?) Climate Mean Annual Precipitation (mm)
Coquimbo 40,580 Arid 50-300
Metropolitana 15,403 Semiarid 200-700
Maule 30,296 Subhumid 500-2000
Nuble 13,179 Humid 1000-2000
Biobio 24,022 Humid 1200-2000
Araucania 31,842 Humid 1500-2500
2.2. Dataset

The information used for this study was obtained from the General Water Directorate
(DGA) and includes daily mean streamflows and monthly minimum, mean, and maximum
streamflow rates. Stations from watersheds without anthropic intervention (such as the
upstream presence of reservoirs or irrigation channels) were selected from DGA'’s hydro-
logical database. Moreover, the stations represent very diverse drainage areas, ranging
from 113 to 7044 km?. Finally, no data completion was carried out where missing data
were encountered in the series. Furthermore, the DGA periodically collects, manages, and
verifies the quality of the instruments and data.
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Table 2 shows the fluviometric stations and the years used in the study, based on the
data provided by the DGA, for each station. Table 2 shows the number of fluviometric
stations with historic data, which were divided between the years involved (1984-2021)
and the years for which it was extended for a second analysis, with 40 years (1975-2021)
and with 46 years (1969-2021), given the available data.

Table 2. Fluviometric stations (for each climate type) and periods with available records.

S

Zone 1969-2021 1975-2021 1984-2021

AN

O 0NN U W N =
SNSSN

Arid-semiarid

NSNS

10
11
12
13
14 v
15 v
16

17 v
18
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20
21
22
23
Humid-subhumid 24
25
26
27
28
29
30
31

NN N N S NN NN

AN N NN N N N

SNSSSSN NSNS
AN
NA AN ANRANRNRNRNRNRNRNRNNN SNRNRNRNNSNSNSNSNSSNSSNASNS

Table 2 shows the total number of stations analyzed for periods between 1984 and
2021, and with a further 9 and 15 years of extension, respectively. By extending the data
series 9 more years, the analysis period 1975-2021 was defined; however, the number of
stations that could be analyzed was reduced to 20. Similarly, by extending the data series
15 more years, the period 1969-2021 was defined and the number of stations available for
analysis was reduced to 18.

Hence, the data series used in this study represented mostly data from recent fluvio-
metric stations, many of which began collecting data in the 1980s, even though there were
even newer stations available. All of these stations were considered valid only for the
analysis of the 1984-2021 period, with a minimum of 26 years of records. Notwithstanding
the above, and due to the length of the data series, they were not considered for the analysis
of the two extended periods. For the purposes of this study, stations from 1969 onwards
were considered.

2.3. Trend Analysis

The two-tailed nonparametric Mann-Kendall trend analysis [27,28] was used to evalu-
ate maximum flow trends over the study periods, considering the different geographical



Hydrology 2023, 10, 144

5o0f 14

scenarios. This test makes it possible to determine if the series have a negative or positive
trend in the monthly and annual flows. The analysis was carried out using the Mann—
Kendall python package [29]. This test checks for a possible null hypothesis of any trend,
Hy, that is, the observations x; are ordered in a random way in time. On the contrary,
the alternative hypothesis H; indicates that there is a positive or negative tendency. For
its calculation, this test first requires the Kendall S statistic and its variance. With both
values, a standardized Z statistic is obtained when the sample size is greater than (or equal
to) 8, whose sign and value determine the orientation and significance of the tendency,
respectively. For the S statistic, the following expression was used:

n—1 n

S=Y Y sgn(x —xk) 1)

k=1 j=k+1
where the function sgn(x; — x) is described as:

1 ifx]'—xk>0
sgn(xj —xk) = 0 if x]- — X = 0 (2)
-1 ifx]'—xk<0

where x; and x; are consecutive values from the variable under study. Then, the variance
VAR(S) is described as:

n(n—1)(2n+5) — f ty(ty —1)(2ty +5) @)

VAR(S)= 15

Finally, Z is calculated with both values, with one of the following expressions, de-
pending on S:

S—1 .4
JVARG) if $>0
Z=1:0 ;ifS=0 4)
S+l L
\/ﬁ(s) ;ifS<0

The Mann—-Kendall test, with significance levels of « = 0.05 (or 95% confidence inter-
vals), was applied to the maximum flows of 31 basins, considering the 1984-2021 period
(31 years), obtaining the trends (Z-values) at monthly and annual levels. Subsequently,
an additional study interval (1975-2021) was considered, and a second data addition was
made (1969-2021), applying in both cases the Mann-Kendall trend analysis.

Since many Mann—Kendall tests were conducted simultaneously, it was necessary to
control the false positive rate due to the risk of inflated rates of Type I errors. The FDR
(false discovery rate) procedure [30,31] was used in this study.

The Theil-Sen test or Sen’s slope estimator [32] was used to determine the magni-
tude of the trends. Like the Mann-Kendall test, this is a nonparametric method that is
particularly effective for handling outliers, and there is no requirement to assume the data
follow a normal distribution. The Theil-Sen test can be calculated using the following

median function:
B= Median(yl — j/] > (5)

where y; and y; represent the flow of the jth and ith years, respectively. When 3 > 0, the
time series shows an increasing trend, otherwise, a decreasing trend.

Additionally, the trends of the quantiles (e.g., quartile, quintile, decile, percentile)
of the daily mean flows were evaluated using the Mann—Kendall test for the three time
periods considered in this study. Using this approach helps to visualize trends in the
lower part of the distribution (first decile), in the center (fifth decile), and in the upper
part (tenth decile) [33]. This technique is known as the quantile-Kendall procedure or
visualization [34,35]. This method is a statistical procedure based on a quantile regression
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analysis. The traditional regression analysis is expanded upon by studying the relationships
between the variables at different quantiles of the distribution, giving a more comprehen-
sive understanding of the data trends, beyond the minimum, mean, and maximum values.
The first step is to rank or segment the daily flow series into quantiles and estimate the
direction and magnitude of the slopes of each of these quantiles using the Mann-Kendall
test and Sen’s slope estimator, respectively. By using the quantile-Kendall procedure, it is
possible to analyze nonlinear trends and mitigate the potential effects of any skew due to
extreme values or outliers that might disproportionately influence the trend analysis. This
contributes to a more complete understanding of the underlying phenomena and offers
valuable insights for understanding complex interactions in the dataset. This method was
written in the Python programming language, by extending an existing freely available
Mann-Kendall software library [29].

Finally, the characteristics of the flows were evaluated as a function of the Pacific
decadal oscillation (PDO); for this purpose, the data series were decomposed into their
monthly principal components and correlated with the PDO values. This was performed
for both arid-semiarid zone basins and humid-subhumid zone basins.

3. Results

At the macroscale, the Mann—Kendall test showed that most of the negative trends
in flow rates were significant in both arid—semiarid and humid—-subhumid zones over the
three analyzed periods. These results are presented, segmented by flow rate, climatic zone,
and period, as percentage trends for each zone (i.e., what percentage of the stations present
in each zone had significant trends for the period and flow rate under study).

3.1. Minimum Streamflows

The minimum monthly flows showed a decreasing trend in time, both in the arid-
semiarid and in the humid-subhumid zones, and this was repeated for the three peri-
ods analyzed. However, the number of significant trends for the period 1984-2021 in
the arid—semiarid zone decreased in a range of 40-50% for January, February, April,
August, September, and December, and of 25-39% for the remaining months to val-
ues below 12.5% (with the exception of August), when expanding the data (Figure 2;
Supplementary Materials Table S2). At the annual level, no significant variation in the per-
centage of significant trends was found in the zones and time periods analyzed (Figure 2;
Supplementary Materials Table S2). The humid-subhumid zone showed an increase in the
percentage of significant negative trends as the length of the data series increased (Figure 2;
Supplementary Materials Table S2), particularly in the months between November and
March, i.e., the summer period.

3.2. Mean Streamflows

The monthly mean flows generally showed significant negative trends in recent years,
being more pronounced in the arid—semiarid zone. However, as with minimum flows, the
number of significant negative trends in the arid—semiarid zone decreased when increasing
the number of years of data considered, from 37-70% in the 1984-2021 period to values
below 25% for the 1969-2021 period (Figure 3, Table S2 in Supplementary Materials). The
humid-subhumid zone showed an increase in the proportion of significant negative trends
when comparing the periods 1984-2021 and 1969-2021. Specifically, the months November
to February showed that the proportions of significant negative trends varied from 20-40%
to 50-90%, for the periods 1984-2021 and 1969-2021, respectively. A similar pattern was
seen in the months May and July (Figure 3, Table S2 in Supplementary Materials). At the
annual level, in the arid—semiarid zone, the proportion of negative and significant trends
decreased from 81.3% (1984-2021) to 25% (1969-2021) when the data length was increased.
In the humid-subhumid zone, the proportion increased from 53.3% to 80% (Figure 3).
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Figure 2. Summary of temporal analysis for minimum streamflows, using the Mann—-Kendall method.
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Figure 3. Summary of temporal analysis for mean streamflows, using the Mann-Kendall method.
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3.3. Maximum Streamflows

The trend analysis in maximum monthly and annual flows showed a similar behavior
to that found in the minimum and mean flows in the arid-semiarid zone. In other words,
there was a decrease in the proportion of significant negative trends as the number of years
analyzed increased (Figure 4). The humid-subhumid zone did not show a clearly defined
pattern (Figure 4).
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Figure 4. Summary of temporal analysis for maximum streamflows, using the Mann-Kendall method.

3.4. Sen Slope

The results of the Sen slope test were consistent with the results from the Mann—
Kendall test, in terms of the direction of the trends, and in general, the average Sen slope
values decreased and ranged from 0 to —1 m®/s in the arid-semiarid zone in all the periods
analyzed. However, in the humid-subhumid zone, the maximum flows of the three time
periods showed a range between —5 and —20 m3/s (Table S2 in Supplementary Materials).
Positive values were infrequent or nonexistent, but the month of January in the period
1984-2021 showed a positive Sen slope of 13.8 m?/s.

3.5. Mean Daily Flow Rate Trends

The results from the quantile-Kendall plots showed in the arid-semiarid zone an
increase in the negative trends in the 1984-2021 period when compared with the 1969-2021,
with increases of 337.3 to 1218.4% for deciles 1 to 5, and between 393.5 and 11,200% for
deciles 6 to 10. The comparison of trends between the 1975-2021 and 1984-2021 periods
showed an increase of between 23.3 and 91.2% in deciles 1 to 5, and an increase of 33 to 80.2%
in deciles 6 to 10 (see Table 3). This highlights an important increase in significant negative
trends during this last period. For the humid—subhumid zone, deciles 1 and 2 showed a
variation of 10.5 and 5.2%, respectively. Deciles 3 to 5 showed a decreasing percentage of
between 3.6 and 30.6%. For deciles 6 to 10, an increase could be seen in the range from 20.4
to 108.9% (comparing the periods 19692021 and 1984-2021). When comparing the period
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1975-2021, increases in all deciles could be observed, varying between 0 and 48% (Table 3;
plots in Supplementary Materials).

Table 3. Summary of significant trends determined using the quantile-Kendall test for daily mean flows.

19692021 19752021 19842021 Neg. A (%)
Zone Decile
Pos. Neg. Pos. Neg. Pos. Neg. a b
1 0 110 0 390 0 481 337.3 233
2 0 43 0 337 0 421 879.1 24.9
3 0 38 0 328 0 501 1218.4 52.7
4 0 48 0 275 0 455 847.9 65.5
, o 5 0 58 0 227 0 434 6483 91.2
Arid-semiarid 6 0 52 0 172 0 310 496.2 80.2
7 0 23 0 176 0 236 926.1 34.1
8 0 2 0 166 0 226 11,200 36.1
9 0 20 0 132 0 234 1070 77.3
10 8 31 6 115 7 153 3935 33
1 0 162 0 273 0 179 105 344
2 0 192 0 304 0 202 52 336
3 0 219 0 297 0 205 —64 31
4 0 187 0 266 0 165 118 38
. _ 5 0 222 0 296 0 154 ~306 48
Humid-subhumid 6 0 181 0 297 0 218 204 —26.6
7 0 121 0 255 0 198 63.6 204
8 12 123 0 204 0 155 26 24
9 33 90 1 188 0 188 108.9 0
10 11 81 6 156 0 152 87.7 26

Where: Pos. is positive significant trends, Neg. is negative significant trends, and Neg. A (%) is the difference
between the time periods: (a) 1969-2021 and 1984-2021 over 1969-2021; (b) 1975-2021 and 1984-2021 over
1975-2021.

3.6. Relationship between Flow Rates and the Pacific Decadal Oscillation (PDO)

The correlation (Spearman coefficient) of the principal components (PC) of the monthly
flow rates with the normalized values of the PDO showed that the summer months
(December-February) presented significant correlations for the three flow statistics an-
alyzed (Tables 4-6) for the arid-semiarid zone. The humid-subhumid zone showed signifi-
cant correlations in the summer months for minimum and mean flows (Tables 4 and 5), but
no clear pattern was visible for maximum flows.

Table 4. Correlation (Spearman) between PDO and PC for monthly minimum flows.

Arid-Semiarid Humid-Subhumid

Month PC1 PC2 PC3 PC1 PC2 PC3
1 0.586 * 0.205 —0.429 * 0.629 * —0.076 0.082
2 0.449 * 0.281 0.081 0.56 * —0.075 0.187
3 0.307 0.007 0.087 0.369 * —0.157 —0.356 *
4 0.181 —0.107 —0.086 0.351 —0.04 —0.521 *
5 -0.017 —0.033 0.054 0.452 * —0.283 0.109
6 0.148 0.096 —0.127 0.224 —0.288 —-0.112
7 0.358 * 0.044 0.219 0.104 —0.211 0.435*
8 0.431* 0.036 0.177 0.286 0.416 * —0.096
9 0.353 —0.046 0.058 0.244 —0.421 * 0.038
10 0.199 0.023 0.226 —0.205 —0.193 —0.025
11 0.294 0.174 —0.007 0.2 —0.035 0.142
12 0.499 * —0.16 0.132 0.585 * —0.065 —0.105

Correlations with * are significant at the 0.05 level.
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Table 5. Correlation (Spearman) between PDO and PC for monthly mean flows.

Arid-Semiarid

Humid-Subhumid

Month PC1 PC2 PC3 PC1 PC2 PC3
1 0.58 * 0.384 * —0.051 0.53 * —0.147 —0.209
2 0.44 % —0.24 —0.078 0.444 * —0.427 * 0.218
3 0.304 —0.172 0.103 0.253 —0.522* 0.219
4 0.176 —0.132 —0.137 0.43* —0.035 0.006
5 —0.086 0.109 —0.167 —0.006 —0.032 —0.046
6 0.319 0.086 —0.051 0.347 0.157 0.023
7 0.34 —0.068 0.04 0.13 —0.108 0.344
8 0.411* —0.166 —0.167 0.058 0.372* 0.121
9 0.276 —0.17 0.146 0.177 0.34 0.227
10 0.188 0.09 0.215 0.243 0.04 —0.039
11 0.242 0.239 0.216 —0.285 0.126 0.358
12 0.458 * —0.11 0.133 0.494 * —0.17 —0.141

Correlations with * are significant at the 0.05 level.
Table 6. Correlation (Spearman) between PDO and PC for monthly maximum flows.
Arid-Semiarid Humid-Subhumid

Month PC1 PC2 PC3 PC1 PC2 PC3
1 0.544 * 0.093 —0.238 0.287 0.353 —0.398 *
2 0.485* —0.065 —0.4* 0.092 —0.64* —0.143
3 0.396 * —0.159 —0.118 0.199 0.227 0.278
4 0.127 0.182 —0.107 0.226 —0.196 —0.002
5 —0.209 —0.003 —0.359 * —0.141 —-0.170 —0.166
6 0.251 0.097 0.085 0.33 % 0.451 * 0.194
7 0.233 0.006 0.001 0.137 —0.119 0.034
8 0.462 * —0.006 —0.116 —0.065 —0.001 0.421 %
9 0.184 0.054 0.022 0.224 —0.111 0.202
10 0.281 0.044 0.06 0.371 % 0.128 —0.277
11 0.222 —0.246 —0.256 0.241 —0.022 0.379 *
12 0.460 * 0.008 —0.209 0.446 * —0.626 * —0.124

Correlations with * are significant at the 0.05 level.

4. Discussion

From the results at the annual scale, it is possible to observe that there was no clearly
defined pattern in the behavior of the min, mean, and maximum flows in both climatic
zones. However, the minimum, mean, and maximum flows in the arid—semiarid zone
showed a reduction in the number of significant negative trends when the number of years
of data considered increased. At the monthly scale, the flow trends in the arid-semiarid
zone varied significantly as the length of the analyzed data was modified, which was not
the case in the humid-subhumid zone.

To verify this, the data series were correlated with the PDO, showing that the effect of
this climatic factor was more noticeable in the arid—semiarid zone, and this could explain
some of the variation in the number of significant negative trends in the flow rates found
for the summer months (Tables 4-6).

An important element that emerged from this study was that the results of tem-
poral trends (in this case relative to flows) varied according to the length of the time
series considered, an element that has already been highlighted by other authors such
as Pellicciotti et al. [21], Valdés et al. [36] and Pizarro et al. [37]. This is highly relevant
because the availability of the data series is extremely variable on a national scale and,
in general, in different regions of the world. As a consequence, it is essential to consider
flow time series of similar length in order to establish comparisons that are fair and unbi-
ased from a scientific and statistical point of view. In this context, the results achieved in
the arid—semiarid zone indicated that the high proportion of significant negative trends
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found at the monthly level was drastically reduced by incorporating a greater number
of years into the series and this seemed to indicate a cyclic effect on the behaviors of the
flow rates. Likewise, it is likely that the significant trends found in the 1984-2021 period
were influenced by the current megadrought described in recent studies (e.g., [38]), since
a decrease in precipitation has an impact on flow rates. These results are consistent with
those reported by Nufiez et al. [39], who found that the flow behavior in the Coquimbo
region was influenced by the (warm and cold) phases of the PDO, decreasing in the cold
phase. This further supports the influence of climatic factors on the behaviors of flows, as
reported by Pellicciotti et al. [21], Martinez et al. [22], and Rodgers et al. [40].

In the case of the humid-subhumid zone, the negative and significant trends that were
found in the first analyzed period had a much lower value compared to the arid—semiarid
zone at a monthly level. This indicates that the negative trends were much smaller in areas
with a greater humidity within the country (between latitudes 34°43’ S and 38°30’ S), and
this would indicate a greater stability of the maximum flows than the one reflected in the
arid-semiarid zone, for the same time period analyzed. However, the stations of Nuble
in San Fabian and Biobio in Rucalhue showed decreases of approximately 10% and 30%,
respectively, in decile 10 of the daily mean flow (i.e., the maximum flow values of the
daily mean flow were decreasing over time) and this can also be seen in the results of the
maximum flows of the humid-subhumid zone (quantile-Kendall plots in Supplementary
Materials). These trends could be explained by an increase in snowmelt contributions to
the flow, although the degree of their influence on the summer flow in these basins needs
to be further investigated.

The results found in this study differ from those published by Novoa [19,20], where
a positive trend was found in the maximum and average flows in the Claro river basin
(Coquimbo region). This disparity can be explained by the different temporal resolutions
and by the statistical test used to evaluate trends in the flows. Novoa [19,20] used the
least-squares method to find the slope of the time series, whereas this study was based
on the Mann-Kendall test, which, unlike least squares, is not affected by the presence
of extreme values in the series. Moreover, Pellicciotti et al. [21] analyzed annual and
monthly flow tendencies in the Aconcagua River basin (Valparaiso region; semiarid zone
of the country), using the Mann-Kendall test. The authors found negative trends in both
temporal resolutions, similar to the results found in this study. Additionally, Givovich [23]
and Martinez et al. [22] studied mean flow tendencies (monthly and annual) in the same
region, suggesting decreases in water production in the upper part of the Aconcagua river
basin and positive trends in its lower portion. The latter could be explained by the outcrop
of underground flows and glacial melting (as previously mentioned), although the authors
did not present evidence of any of these possibilities.

From an international perspective, Rodgers et al. [40] analyzed streamflow trends
in south—southeastern United States, verifying the variation as a function of the time
period considered (1950-2015; 1960-2015; 1970-2015; 1980-2015; 1990-2015; and 2000-2015).
Broadly speaking, the authors found that the most recent time period showed the highest
number of significant negative trends. The results of this research show a similar behavior
in the observed trends, particularly in the daily mean flows (see Table 3 and plots in
Supplementary Materials), where the arid—semiarid zone showed a higher frequency of
significant negative trends. These behavioral similarities within a climatic zone are an
interesting aspect to investigate, since they were found in two different climatic zones, as
described in Rodgers et al. [32] and this study. This pattern is somewhat unexpected and
may be an effect of global climate change, so it is important to continue investigating the
flow patterns in different climatic zones.

Based on results from this study;, it is important to note that there are relevant differ-
ences between the studied basins and their geographic location, and this variability should
be considered when planning and managing water resources and the territory.

One of the limitations of this study is that not all the stations have information for
the three analyzed periods and, therefore, it is not possible to indicate whether in the last
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period, there was an increase in the negative significant trends of these stations. Similarly,
another factor to consider is the impact of illegal human extractions on circulating flow
rates. Pizarro et al. [33] identified that overuse is one of the main factors influencing the
decrease in water supply in the Coquimbo region. Based on the above, watersheds with
low intervention were selected to mitigate the impacts of this factor.

5. Conclusions

From the obtained results, it is possible to conclude that the trends of the analyzed
flows (minimum, mean and maximum) were mainly negative during the analyzed periods,
and this was supported by evaluating the tendency of the daily mean flows. This would
suggest, as a first approximation, that the flows decreased at a monthly level. Additionally,
the number of significant negative trends varied depending on the period analyzed, espe-
cially if the flows were broken down into their monthly or daily mean levels. This effect
was more pronounced in the arid—semiarid zone.

A second conclusion is that it was necessary to increase the length of the data series,
especially to include older time periods, because this indicated the presence of similar
phenomena experienced in the past and thus reflected that similar events had previously
been observed.

Finally, the correlation between the PDO and the monthly streamflow component
may be a factor that explains the variation in the number of significant negative trends
identified, a finding that was more clearly observed in the arid-semiarid zone and during
summer months. However, further research is needed to quantify the influence of each
factor on streamflow trends, and it would be interesting to study temporal changes in the
magnitude of the trends. This could potentially offer a more insightful perspective that
goes further than just testing for the presence or absence of trends, but also its associated
dynamics and progressive attributes.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /hydrology10070144/s1, Table S1: List of stations by climate zone;
Figure S1: Quantile-Kendall plots for mean daily flow; Table S2: Proportion of significant trends and
mean Sen slope grouped by climate zone, streamflow and period.
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