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Abstract

Hydroclimatic variability and land-use and land-cover (LULC) change were investigated
in the Ribeira de Iguape River Basin, Brazil, using precipitation records from 14 gauges
and mean, maximum and minimum streamflow from 10 stations within 1960–2024, along-
side annual LULC maps for 1985–2024. Hamed–Rao Mann–Kendall tests, Sen’s slopes
and change-point analyses were complemented by temporal-dependence, interstation-
consistency and false-discovery-rate diagnostics. After adjustment, seven precipitation
stations exhibited increasing annual trends and one showed a decrease. The largest positive
slopes occurred at Balsa do Cerro Azul (+101.5 mm decade−1), Guanhanha (+98.3 mm
decade−1) and Capela da Ribeira (+90.1 mm decade−1). However, pronounced departures
from regional reference series around 1981 at two neighbouring gauges preclude an un-
equivocal climatic interpretation. Streamflow responses were more localised. Declining
maximum discharge at Juquiá (−16.2 m3 s−1 decade−1) was the only annual streamflow
trend retained after adjustment, without a comparable downstream decline over common
years. Urban and mining areas expanded, whereas forest cover initially declined and
subsequently recovered partially, remaining below its 1985 extent. Land-cover propor-
tions extracted within ten independently DEM-delineated upstream catchments yielded
228 estimable contemporaneous LULC–discharge correlations. Although 21 were nomi-
nally significant, none remained significant after Benjamini–Hochberg adjustment within
the corresponding discharge-metric families or across the pooled set. These findings reveal
spatially differentiated hydroclimatic and landscape trajectories, without establishing a
causal contribution of LULC change to observed streamflow variability.

Keywords: streamflow variability; hydroclimatic trends; land use and land cover change;
change-point detection; false discovery rate; Ribeira de Iguape River Basin

1. Introduction
Watersheds provide a spatial basis for examining water availability because precipita-

tion, relief, soils, vegetation and human interventions interact within a connected drainage
system [1,2]. Their joint influence on runoff generation and routing also links the physical
processes of the water balance to water use and environmental management, making the
watershed a widely adopted unit for regional assessment [3,4].

Streamflow integrates precipitation inputs, infiltration, soil-water storage, evapo-
transpiration and surface and subsurface runoff. Historical discharge records therefore
permit the assessment of gradual trends and abrupt changes in river regimes, with mean,
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maximum and minimum flows representing distinct hydrological responses. Nonparamet-
ric trend and change-point methods have been widely applied to estimate the direction,
magnitude and timing of these variations [5,6].

Although precipitation is the principal atmospheric input to the water balance, similar
rainfall changes can produce different discharge responses where storage, evapotran-
spiration, water use and landscape characteristics differ among catchments. Brazilian
studies have documented precipitation and discharge changes that diverge in timing or
magnitude [6–8], while analyses incorporating teleconnections, hydrological persistence
and LULC indicate that their correspondence also depends on temporal scale and catchment
characteristics [9–14].

Vegetation loss and regeneration, urbanisation, agriculture and mining can modify
interception, infiltration, evapotranspiration and runoff pathways [1], but their associations
with mean and extreme flows depend on the extent, location and hydrological connectivity
of the affected surfaces [7,8,15,16]. Combining discharge records with annual land-cover
observations can therefore help distinguish changes that coincide within contributing areas
from regional trajectories whose apparent correspondence arises at a different spatial or
temporal scale.

Annual MapBiomas maps have substantially extended the temporal coverage of
land-use assessment in Brazil since 1985. Applications of these Landsat-based series
demonstrate their relevance to regional and catchment analyses [17,18]. Their annual
resolution permits the examination of trends, candidate transitions and contemporaneous
hydroclimatic associations. Jiang et al. [19] documented concurrent changes in land cover
and streamflow whose interpretation depended on climatic and catchment conditions. In
the Iguaçu Triple Frontier, Terassi et al. [20] jointly analysed LULC trajectories and climatic
indicators, distinguishing statistical correspondence from causal attribution.

The Ribeira de Iguape River Basin combines extensive Atlantic Forest remnants,
mangroves and restingas with urban, agricultural and mining activities and areas occupied
by traditional communities [21,22]. Differences in elevation, relief and maritime influence
contribute to pronounced spatial variability in precipitation and hydrological response.
In the estuarine sector, the Valo Grande Canal has altered the hydrosedimentological
dynamics of the Cananéia–Iguape system [23]. These environmental contrasts make the
basin particularly relevant to the joint assessment of hydroclimatic and landscape change.

Regional assessments integrating precipitation, several discharge metrics and annual
LULC trajectories remain limited for the Ribeira de Iguape Basin. Examining these com-
ponents together can clarify whether their changes coincide over comparable periods and
contributing areas, provided that the interpretation accounts for differences in record cov-
erage, spatial support and statistical assumptions rather than treating temporal association
as evidence of a shared cause.

This study examines precipitation and mean, maximum and minimum discharge vari-
ability in the Ribeira de Iguape River Basin using available observations within 1960–2024.
It assesses the extent to which trend and change-point evidence depends on temporal
persistence, multiple testing and interstation consistency, and evaluates contemporaneous
land-cover–discharge associations within the upstream area of each gauge. Annual Map-
Biomas observations for 1985–2024 were extracted within ten independently delineated
contributing areas. Record-exclusion, temporal-specification and spatial-support sensitivi-
ties distinguish the consistency of the observed associations from evidence required for
hydrological attribution.
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2. Materials and Methods
2.1. Study Area

The Ribeira de Iguape River Basin extends across eastern Paraná and southeastern
São Paulo, Brazil (Figure 1). A complementary map showing the precipitation and stream-
flow monitoring stations and selected hydropower facilities is provided in Figure S1 in
the Supplementary Materials. The documented hydrographic vector boundary covers
25,810.3 km2, and its intersection with the terrestrial mask covers 25,803.2 km2 (Table S20).
These measurements refine the frequently quoted approximate extent of 25,000 km2.

Figure 1. The Ribeira de Iguape River Basin. (A) Five elevation intervals (0–50, 50–200, 200–500,
500–1000 and >1000 m), hydrography, rainfall and discharge gauges, and selected Juquiá hydropower
stations; (B) location within Brazil; (C) longitudinal profile of the Ribeira de Iguape River. Plant
labels B1–B6 refer to the Juquiá system; B6 is Barra HPP (40.4 MW), which is not included in the inset
listing of B1–B5 [24]. The source (A) and river mouth (B) labels shown within panel (A) indicate the
endpoints of the longitudinal profile in panel (C); they are not additional subpanels.

The basin-scale land-cover inventory represents a distinct raster domain of approx-
imately 26,332 km2, about 2.0% larger than the vector boundary. Its exact boundary
provenance cannot be established from the classification files. Consequently, the mapped
class areas are distinguished from hydrographic basin area throughout the analysis. Class-
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by-class extraction within the documented terrestrial domain is available for 1985 and 2024
(Table S23; Supplementary Data I), whereas the forty-year basin-scale trajectories retain
the inventory’s raster support. As a complementary analysis, exploratory associations
between precipitation-network descriptors and basin-scale land-cover classes are presented
in Figure S2 in the Supplementary Materials.

Approximately 62% of the regional basin lies in São Paulo and 38% in Paraná State.
The São Paulo sector includes 23 municipalities and was reported to contain approximately
452,000 inhabitants [25]. The Ribeira River extends approximately 470 km from the Serra
de Paranapiacaba to the Atlantic Ocean.

The basin encompasses a regional summit surface, dissected hills of the Serra do Mar,
the tectonic depression of the lower Ribeira and an extensive coastal plain. This geomor-
phological diversity reflects the interaction of structures associated with the Brasiliano
cycle, Mesozoic reactivation and subsequent climatic and coastal processes [26].

The regional climate is classified as Cfa, humid subtropical, with warm summers
and no well-defined dry season. Mean annual temperature is approximately 20 ◦C [27],
with monthly means below 18 ◦C in the coldest month and above 22 ◦C in the warmest
month [28,29]. According to Galvani et al. [30], three climatic domains occur within the
basin. The Subtropical domain is found in higher-elevation areas to the east, the humid
mild Tropical domain occupies mainly the central and northeastern sectors, and the humid
Tropical domain predominates along the coast, where temperatures and precipitation totals
are higher. June, July, and August have the lowest precipitation totals, ranging from 70 to
150 mm, whereas rainfall increases between December and March, reaching 250 to 380 mm,
largely due to the influence of the South Atlantic Convergence Zone (SACZ) [31].

The Cananéia–Iguape Coastal System contains coastal plains, sandy ridges and fluvial
plains supporting forests and extensive mangroves [26,32,33]. Their biodiversity and
productivity confer substantial ecological and socioeconomic importance [26]. Adjacent
coastal sectors of Paraná also retain extensive forest, mangrove and restinga vegetation,
including protected areas and vegetation in advanced stages of regeneration.

Several basin municipalities have among the lowest Human Development Index
values in São Paulo State [34,35]. Infrastructure, service and economic deficiencies heighten
environmental vulnerability and reinforce the need for integrated water resources planning.

2.2. Data Used
2.2.1. Streamflow Data

Annual mean (Qmean), maximum (Qmax) and minimum (Qmin) streamflow were cal-
culated from monthly series at ten stations operated by the National Water and Basic
Sanitation Agency (ANA) and the São Paulo State Department of Water and Electric Energy
(DAEE/SP-Águas). Qmean is the arithmetic mean of the twelve monthly means, Qmax the
largest reported monthly maximum and Qmin the smallest reported monthly minimum
in each complete year. The source exports available for this analysis did not establish
consistently whether the monthly extrema were derived from daily mean discharge or in-
stantaneous measurements; this distinction therefore remains unverified and is not inferred
from the statistical series. Table 1 gives station metadata, and Tables S1 and S2 document
effective annual coverage.

Discharge records supplied by ANA and DAEE are obtained by converting stage
measurements through rating curves. These relationships may change following erosion,
sediment deposition, channel modification or alterations to hydraulic controls. Flood-wave
hysteresis can also produce different discharges at the same stage during rising and falling
limbs. Inadequately represented changes in these relationships can introduce systematic
errors into the discharge series [3,36].
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Table 1. Streamflow monitoring stations, official drainage areas and effective annual analysis extents
within 1960–2024. Independently delineated contributing areas and their validation are reported in
Table S14 and Section 3.4.

ID Missing
(%) Code Municipality Watercourse Latitude Longitude

Official
Drainage

Area (km2)

Annual
Extent

(n)

ID1-F 2.44 4F-014 Itariri Guanhanha
River −24.2669 −47.1653 91 1960–2022

(58)

ID2-F 6.01 81710000 Jacupiranga Jacupiranga
River −24.6897 −48.0014 777 1960–2022

(53)

ID3-F 2.02 4F-016 Registro Jacupiranga
River −24.5936 −47.8786 1325 1963–2024

(57)

ID4-F 0.13 81630000 Miracatu São Lourenço
River −24.2811 −47.4606 1480 1960–2024

(64)

ID5-F 0.00 81530000 Juquiá Juquiá River −24.2064 −47.6133 2440 1960–2023
(64)

ID6-F 0.00 81335000 Barra do
Turvo Pardo River −24.7586 −48.5086 2930 1977–2023

(47)

ID7-F 3.60 4F-018 Juquiá Juquiá River −24.3206 −47.6247 4341 1970–2024
(49)

ID8-F 0.13 81135000 Balsa do
Cerro Azul

Ribeira do
Iguape River −24.8000 −49.2700 4600 1960–2023

(63)

ID9-F 0.00 81200000 Ribeira Ribeira do
Iguape River −24.6556 −48.9997 7360 1960–2023

(64)

ID10-F 0.00 81350000 Iporanga Ribeira do
Iguape River −24.5864 −48.5922 12,500 1960–2024

(65)

Missing (%) denotes absent months between the first and last valid observation within 1960–2024.
Complete annual discharge observations require twelve months with Qmean, Qmax and Qmin available
simultaneously. The drainage areas in the inventory are the official source values. Independently
delineated catchments were evaluated against those values without using them to select DEM outlets
(Table S14; Section 3.4). Station 4F-016 lies in the municipality of Registro and is identified as Ingatuba
in the DAEE inventory [37].

Interstation comparisons and relative double-mass diagnostics were used to examine
departures from regional streamflow variability, particularly at Jacupiranga and Juquiá
(Table S13; Figure S3). These comparisons provide an indirect assessment of consistency,
but shared climatic forcing and overlapping drainage areas limit reference independence.
Because rating-curve calibration histories were unavailable, agreement with regional vari-
ability cannot establish calibration stability, and station-specific departures cannot be
assigned to recalibration without the corresponding hydrometric records.

2.2.2. Precipitation Data

Precipitation records were obtained from fourteen rain gauges operated by ANA and
the São Paulo State Water Agency (SP-Águas). Their distribution encompasses coastal,
lowland and higher-elevation sectors of the basin (Table 2; Figure 1).

Annual rainfall totals were computed only where all twelve monthly station totals
were present, without substituting neighbouring observations for missing months (Table 2
and Table S1). The acquisition files do not consistently document whether ANA values
were supplied as bruto or consistido, nor whether every monthly total was derived from
a complete sequence of daily observations. Accordingly, the term complete year denotes
compliance with the twelve-month screening rule, not independently verified daily com-
pleteness. This unresolved provenance is reported as a limitation rather than assumed to
be inconsequential.
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Table 2. Rain-gauge inventory, missing-month percentage and effective annual analysis extent within
1960–2024. The first and last complete years and observed n are reported for each station.

ID Missing
(%) Code Municipality Rain Gauge Elevation

(m) Latitude Longitude Annual Extent
(n)

ID1-R 2.98 F5-019 Apiaí Apiaí 800 −24.5050 −48.8475 1961–2023
(59)

ID2-R 2.56 F5-028 Cajati Serrana do
Sul 50 −24.7167 −48.1167 1961–2024

(58)

ID3-R 9.62 F5-013 Eldorado Itapeuna 40 −24.5961 −48.2175 1960–2024
(54)

ID4-R 0.26 F4-028 Iguape Iguape 3 −24.7000 −47.5667 1960–2024
(63)

ID5-R 0.26 F4-029 Cananéia Itapitangui 7 −24.9333 −47.9500 1960–2023
(62)

ID6-R 0.90 F4-006 Itariri Guanhanha 50 −24.2667 −47.1667 1960–2024
(61)

ID7-R 10.20 F4-017 Jacupiranga Jacupiranga 90 −24.7167 −48.0167 1960–2016
(31)

ID8-R 0.26 F4-007 Juquiá Capela do
Porto 40 −24.1667 −47.6500 1960–2024

(64)

ID9-R 0.64 F4-016 Pariquera-
Açu

Pariquera-
Açu 30 −24.7167 −47.8833 1960–2024

(62)

ID10-R 1.67 F4-019 Pedro de
Toledo

Pedro de
Toledo 60 −24.2833 −47.2333 1960–2024

(55)

ID11-R 4.87 F4-005 Registro Registro 20 −24.5000 −47.8500 1960–2024
(55)

ID12-R 2.05 E4-055 Tapiraí Tapiraí 870 −23.9667 −47.5000 1960–2023
(58)

ID13-R 1.05 2449006 Cerro Azul Balsa do
Cerro Azul 270 −24.8000 −49.2831 1960–2022

(62)

ID14-R 0.13 2449000 Adrianópolis Capela da
Ribeira 180 −24.6800 −49.0000 1960–2022

(62)

Missing (%) denotes absent months within the active station period, excluding months before the
first or after the last valid record. Annual values require twelve available monthly totals, with gaps
permitted between complete years (Table S1). ID7-R contributes only 31 complete annual totals and
has 10.2% missing months; its trend estimate is consequently interpreted cautiously, especially when
compared with longer and more complete station records.

2.2.3. Land-Use and Land-Cover Data

Annual land-use and land-cover (LULC) maps for 1985–2024 were obtained from Map-
Biomas Collection 10 [38] and grouped as described in Table 3. Independent assessments
of classification accuracy in São Paulo provide methodological context [39,40]. The local
discharge analysis uses ten upstream catchments delineated from Copernicus DEM GLO90
elevations, gauge coordinates and D8 flow routing. Geometry, outlet position, upstream
nesting and agreement with official drainage areas were assessed before interpretation
of the local associations (Table S14; see Section 3.4). Each annual MapBiomas map was
extracted at source resolution within these boundaries. Class percentages were calculated
relative to the entire valid classified catchment area, rather than normalising the eight
selected classes to 100%. Annual station-class areas and raster-coverage diagnostics are
provided in Supplementary Data I.

MapBiomas classes were aggregated according to the methodological criteria of the
Brazilian Institute of Geography and Statistics [41] and the environmental characteristics
of the basin. The resulting categories permit comparison of major landscape components
while retaining the class-code correspondence specified in Table 3.

https://doi.org/10.3390/earth7060185

https://doi.org/10.3390/earth7060185


Earth 2026, 7, 185 7 of 34

Table 3. MapBiomas class aggregation for the 1985–2024 basin-scale LULC inventory. The catchment-
specific discharge analysis uses eight harmonised classes extracted within independently delineated
upstream areas (Tables S14, S21 and S22).

Reclassified Class Original Classes
(MapBiomas) Description/Grouping

Forest 3 and 4
Combines Forest Formation (3) and Savanna Formation (4) within the study’s Forest

category. This grouping describes mapped woody cover rather than forest age or
ecological condition.

Mangrove 5 The Mangrove class is maintained as a single category, given its ecological importance.

Wetland 6 and 11 Includes Floodable Forest (6) and Wetland (11), grouped as vegetation subject to
seasonal or permanent inundation.

Grassland 12, 29 and 32 Predominantly herbaceous and grassy vegetation, with sparse shrubs, occurring in
natural fields, rocky outcrops, and hilltops.

Agriculture/Pasture 9, 15, 20, 21, 35, 39, 40, 41,
46, 47, 48 and 62

Combination of the classes Pasture, Agriculture (temporary and perennial), Forestry, and
Mosaic of agricultural uses.

Beach 23 Covers areas of beach, dunes, and coastal or river sandbanks without significant
vegetation cover.

Urban area 24 Areas occupied by urban infrastructure, buildings, and roads.

Mining 30 Areas used for mineral extraction, with clear exposure of the soil due to human activity.

Restinga Forest 49 Tree formations typical of coastal areas on sandy soils or dunes.

Restinga Herbaceous 50 Herbaceous formations established on sandy soils or coastal dunes.

Other non-vegetated 25 and 75 Areas without significant vegetation cover, including exposed soil, impervious surfaces,
or landslides.

Rivers, Lakes & Ocean 31 and 33 Records of rivers, lakes, reservoirs, dams, oceans, and aquaculture are maintained.

Combined geospatial and hydrological assessment has also been applied in the Jacaré-
Guaçu Basin, São Paulo [42]. The twelve-class basin-scale inventory and the eight-class
catchment analysis have different spatial supports. The former describes landscape trajecto-
ries over the mapped raster domain, whereas the latter pairs annual land-cover percentages
with discharge observations from the same year and upstream area. Associations obtained
from alternative station polygons are reported separately as a spatial-support compari-
son (Tables S5, S6 and S11–S11c; Figure S5); those polygons do not define the principal
hydrological units. Catchment-area validation is presented in Table S14 and Section 3.4.
The Qmean, Qmin and Qmax association matrices are presented with the catchment-specific
results in Section 3.4. Table S21 summarises the testing families, Table S22 examines the
ID3-F water class, and Supplementary Data I contains all 240 planned primary comparisons,
including twelve non-estimable combinations, with sample sizes, coefficients, nominal
probabilities and metric-specific and pooled BH-adjusted probabilities.

2.3. Data Preprocessing and Consistency

Hydroclimatic analyses use available observations within each station’s active period.
Monthly missingness is assessed between the first and last available record, and annual
indices require twelve available monthly values. Missing months and annual records are
not interpolated, extrapolated or replaced from neighbouring stations. For precipitation, a
complete set of supplied monthly totals does not itself establish that every underlying day
was observed; the original daily aggregation and bruto/consistido metadata were not fully
documented in the available exports (Tables S1 and S13b).

Infilling discharge records can introduce substantial uncertainty because precipitation–
stage–discharge relationships are nonlinear, seasonally variable and sensitive to extreme
events [43–45]. Incomplete years were therefore excluded, even where this reduced the
annual sample size.
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The ID1-F observations for 2020 and 2022 were examined because annual runoff depth,
calculated using the official drainage area, exceeded regional-network precipitation by
factors of 4.26 and 5.52, respectively (Table S17b). These ratios compare different spatial
supports and therefore serve as plausibility diagnostics, not physical runoff coefficients or
proof of measurement error. The principal figures use the full source record. A separate
sensitivity analysis excludes both years for Qmean, Qmax and Qmin. The isolated 2024 Qmin

value at ID7-F is examined through a one-year exclusion. Full-record and exclusion results
are reported separately, without classifying an observation as erroneous solely because of
its magnitude or influence (Table S17c,d).

Station-level hydroclimatic analyses retain complete observed years and their inter-
vening gaps within 1960–2024. Catchment-specific land-cover percentages cover 1985–2024,
and each discharge association uses only valid annual land-cover–discharge pairs, without
interpolation. Full-record estimates constitute the principal scenario; the specified ID1-F
and ID7-F exclusions are sensitivity cases. Network-weighting comparisons use identical
stations and common observation years within each variable (Tables S12, S17c,d, S18, S21
and S22).

2.4. Statistical Methods
2.4.1. Trend Analysis

Annual trends were assessed with the Hamed–Rao modified Mann–Kendall test (HR-
MK), which adjusts the variance of the rank statistic for serial autocorrelation [46,47] and
addresses its influence on trend significance in hydroclimatic records [47,48]. The test
was applied separately to precipitation, Qmean, Qmax and Qmin. Kendall’s τ describes the
direction and strength of monotonic ordering [49], while Sen’s median pairwise slope
estimates trend magnitude [50], expressed in mm decade−1 for precipitation and m3 s−1

decade−1 for discharge.
Benjamini–Hochberg adjustment [51] was applied within each annual variable family,

comprising fourteen precipitation stations or ten discharge stations. Adjusted probabilities
are denoted q; q ≤ 0.05 was treated as evidence robust to the specified false-discovery
adjustment, whereas p ≤ 0.05 with q > 0.05 was retained as nominal evidence. In the spatial
syntheses, filled triangles denote q ≤ 0.05, open triangles denote nominal evidence, and
grey circles denote p > 0.05; categories absent from a figure are omitted from its legend.
Calendar lag-1 autocorrelations were calculated before and after linear detrending using
pairs of observations exactly one year apart. Complementary linear trend tests used Bartlett-
kernel heteroskedasticity- and autocorrelation-consistent (HAC) covariance estimates at
fixed lags of 1, 3 and 5 years [52]. Conditional 95% Sen intervals were obtained from 1999
residual moving-block replicates over the longest uninterrupted run of at least twenty
years [53] (Tables S7 and S8); these pointwise intervals and linear tests differ from the
full-record HR-MK analysis in temporal support, trend formulation, or both.

2.4.2. Change-Point Detection

Candidate level changes in annual precipitation and discharge were evaluated with
Pettitt, the Standard Normal Homogeneity Test (SNHT) and the Buishand Range test. Pettitt
maximises an absolute rank-based statistic comparing two segments without requiring a
particular continuous distribution [54], whereas SNHT uses a variance-standardised statistic
for a change in the mean [55] and Buishand evaluates the range of cumulative deviations from
the series mean [56]. Applying the three criteria to the same observations permits assessment
of both candidate timing and its sensitivity to the form of the change statistic.

The tests were applied in parallel to compare candidate timing [57–59], recognising
that their classical probability formulations assume serial independence. The observed
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maximum statistics were therefore also evaluated under null models retaining temporal
dependence. Estimated dates identify statistical splits within the available record, while
evidence of climatic, hydrometric or operational intervention requires information beyond
agreement among test dates.

Benjamini–Hochberg (BH) adjustment was applied separately by variable and by
change-point test. Classical Pettitt, SNHT and Buishand results were compared with
moving-block permutations on uninterrupted records and 9999 full-record Gaussian first-
order autoregressive [AR(1)] simulations preserving the actual calendar gaps (Table S10b,c).
The AR(1) parameter φ was estimated by exact Gaussian profile likelihood under three
specifications: the original series, linearly detrended residuals, and residuals demeaned
separately before and after the test-specific candidate year. The latter specification is
conditional on the estimated split and therefore cannot independently confirm it. For ID14-
R precipitation, the raw φ estimate of 0.650 falls to 0.531 after detrending and to 0.473–0.497
after segment demeaning (Table S10d). These alternatives assess the sensitivity of nominal
change-point evidence to persistence estimation; they are not equivalent independent tests.
Dates with fewer than eight observed years on either side are described as poorly supported
statistical candidates, not as established transitions.

Seasonal analyses used DJF, MAM, JJA and SON, requiring observations for all three
constituent months. DJF was assigned to its January–February year. Precipitation totals
were summed, Qmean values averaged, and monthly extrema used to determine seasonal
Qmax and Qmin. Sen estimates and HAC sensitivities were calculated for 176 station–
variable–season combinations. BH families included all four seasons within each variable
(Table S9). These meteorological seasons are distinct from the calendar quarters used for
climatological description in Figure 2.

Figure 2. Precipitation variability within the 1960–2024 regional analysis window. (A) Monthly
climatology; (B) calendar-quarter totals for JFM, AMJ, JAS and OND; (C) annual network precipitation.
Station coverage varies as documented in Table 2 and Table S1. The seasonal trend supplement uses
DJF, MAM, JJA and SON.
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2.4.3. Catchment-Specific LULC–Discharge Associations and Spatial Support

Catchment-specific land-cover–discharge associations were estimated from 40 an-
nual MapBiomas Collection 10 maps within ten DEM-delineated upstream areas. For
each of Qmean, Qmin and Qmax, annual discharge was paired with the percentage of eight
harmonised classes using complete observed year-pairs within 1985–2024. The design
comprises 240 comparisons, of which twelve are non-estimable because the corresponding
class is absent or constant. The resulting testing families contain 76 estimable coefficients
per discharge metric and 228 coefficients overall (Table S21). Non-estimable cells remain
explicitly identified in Supplementary Data I and are not represented as zero correlations.
The 75-test families reported in the spatial-support comparison refer to alternative station
polygons, not to these DEM-delineated catchments (Tables S5, S6 and S11a–c).

Contributing areas were derived from Copernicus DEM GLO90, gauge coordinates
and D8 flow accumulation. Outlet selection used proximity to the gauge and the DEM-
derived drainage network; official drainage-area values were reserved for subsequent
validation rather than used to force area agreement. All ten delineations met the pre-
specified ±10% area-difference criterion and the upstream-topology checks. Differences
from official area were +1.2% at ID1-F, +1.0% at ID3-F and −9.4% at ID6-F (Table S14;
Section 3.4). Across 480 domain–year coverage checks, the largest absolute raster–vector
area discrepancy was 0.016%. These diagnostics evaluate geometrical consistency and
extraction completeness; they do not validate rating curves, source station identifiers, indi-
vidual land-cover classifications or causal hydrological relationships. ID6-F remains close
to the area-screening threshold.

As a separate exploratory exercise, twelve basin-wide land-cover classes were compared
with regional precipitation-network descriptors, yielding 108 temporally paired comparisons.
These descriptors have a different spatial support from station-specific discharge and can-
not be interpreted as precipitation responses to land-cover change (Supplementary Figure S2;
Tables S5 and S6). The principal local analysis instead relates discharge to land-cover per-
centages within each independently delineated upstream catchment (Section 3.4). Network-
weighting sensitivities use common observation years and compare equal, drainage-area and
mean-discharge weights without treating partly nested basins as independent sampling units
(Tables S12 and S18).

The principal local analysis uses contemporaneous Pearson correlations. Benjamini–
Hochberg (BH)-adjusted probabilities were calculated separately for the complete set of
76 estimable comparisons for each discharge metric and for the pooled family of 228 com-
parisons. Unadjusted p values and the two corresponding q values are reported separately
in Supplementary Data I, whereas Table S21 summarises their inferential classifications.
Spearman coefficients, detrended relationships, first differences between consecutive years,
alternative windows and denominators, and the hydrometric exclusion scenarios were
analysed as complementary specifications (Tables S21 and S22; Supplementary Data I).
The BH procedure controls the declared multiple-testing family but does not correct serial
dependence in the original Pearson tests, dependence among nested catchments or omit-
ted hydroclimatic drivers. Sensitivity outcomes are therefore not treated as independent
confirmation of contemporaneous associations or as causal estimates.

Relative consistency was investigated by comparing each selected discharge station
with a leave-one-out regional reference, using station/reference ratios and double-mass
curves (Table S13; Figure S3). The same approach was extended to rainfall at Guanhanha
(ID6-R), Balsa do Cerro Azul (ID13-R) and Capela da Ribeira (ID14-R). Reference val-
ues were drawn from concurrently available gauges and normalised before comparison
(Table S13b). Persistent relative departures are evidence of differences among records,
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but cannot distinguish a local climatic anomaly from a change in instrumentation, site
conditions or data processing without station metadata.

Basin LULC trends for 1985–2024 were assessed using HR-MK and Sen’s slope. The
twelve reclassified classes constituted the BH trend family, and slopes are expressed in km2

decade−1. An independent assessment of rank ordering and successive annual changes is
provided in Table S15.

Pettitt, SNHT and Buishand Range tests were also applied to the annual basin class
areas. Probabilities were adjusted across the twelve classes separately for each test, using
q ≤ 0.05 as the significance criterion. These classical candidates describe contrasts within
evolving area trajectories and are not independently verified dates of land conversion.
Complete results were retained for all classes. The five classes with the lowest HR-MK q
values among those meeting the trend criterion were selected for graphical presentation.

2.5. Hydrological Context for Spatial Interpretation

The hydrology of the Ribeira de Iguape River Basin is strongly influenced by the
region’s humid climate and the contrast between plateau and lowland areas. Streamflow
reflects the seasonality of precipitation, with higher values during summer and lower values
during winter, although no well-defined dry season occurs. The official characterisation of
regional water resources also emphasises internal contrasts within the basin and the need to
consider relief, drainage, water availability, and water use jointly in regional planning [60].

The altitudinal gradient imposed by the Serra do Mar influences the hydrological
response of tributaries. In mountainous areas, steep slopes favour rapid responses to
rainfall events. In lower-gradient reaches, particularly in the middle and lower Ribeira
sectors, streamflow responses are more attenuated.

Vegetation influences infiltration, evapotranspiration and baseflow, while intensive
land use can modify runoff pathways. These processes provide a physical framework for
interpretation but were not directly quantified. Annual runoff depths were screened against
regional network precipitation using official drainage areas (Table S17a,b). Catchment-
integrated precipitation and potential evapotranspiration were unavailable, precluding
estimation of physical runoff coefficients or Budyko elasticities.

The Jacupiranga, Juquiá, Pardo, and São Lourenço subbasins exhibit distinct drainage
and land-use patterns, resulting in different hydrological responses. Individual analysis
of streamflow series was therefore maintained to preserve these spatial differences in the
subsequent statistical analyses.

3. Results
The results distinguish annual trends, candidate level changes and catchment-

specific land-cover–discharge associations. Temporal-dependence, interstation and record-
exclusion diagnostics are used to identify findings whose interpretation changes across
analytical specifications. These analyses describe different properties of the observations
and are not treated as independent confirmation of a common hydroclimatic mechanism.

3.1. Precipitation
3.1.1. Temporal Characterisation

Regional precipitation exhibits pronounced seasonality and interannual variability
within the 1960–2024 analysis window. Station-specific complete-year coverage is reported
in Table 2. Mean annual network precipitation is approximately 1771 mm, with totals
exceeding 2500 mm in 1983 and remaining below 1300 mm in 1968 and 1985. These values
characterise the observed gauge network rather than catchment-integrated precipitation.
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Approximately 40% of annual precipitation occurs during JFM, which receives about
708 mm (Figure 2B). This concentration is consistent with the influence of the SACZ, cold fronts
and summer convection in southeastern Brazil [31]. Totals decline to approximately 311 mm
in AMJ and 267 mm in JAS. August has the lowest monthly mean, approximately 69 mm
(Figure 2A). Cold fronts and maritime influence sustain rainfall during the less rainy months,
while the OND total of approximately 485 mm marks the return to wetter conditions.

Interannual precipitation alternates between markedly wetter and drier years
(Figure 2C). Regional atmospheric systems and large-scale teleconnections, particularly
the El Niño–Southern Oscillation (ENSO), contribute to rainfall variability in southeastern
Brazil [61,62]. Their influence varies spatially and between ENSO phases, as documented
for southeastern South America and other Brazilian basins [63–66]. The present analysis
does not quantify individual teleconnection contributions.

3.1.2. Trends and Change Points

Eight of the fourteen gauges showed annual precipitation trends remaining significant
after BH adjustment: seven positive and one negative (Serrana do Sul, ID2-R). The largest
positive Sen slopes occurred at Balsa do Cerro Azul (+101.5 mm decade−1), Guanhanha
(+98.3 mm decade−1) and Capela da Ribeira (+90.1 mm decade−1). These values describe
the original station series; the relative-consistency evidence for the first and third stations
does not justify treating their unusually large increases as unequivocal climatic change
(Tables S2, S10d and S13b).

Balsa do Cerro Azul (ID13-R) has a positive annual Sen slope of +101.5 mm decade−1

(HR-MK q < 0.001), with 1981 selected by all three classical change-point tests (Figure 3A).
The post-1981 segment mean exceeds the earlier mean by 47.7%, but the station/reference
median and relative double-mass slope also increase by 41.4% and 40.8%, respectively
(Table S13b). These sizeable departures indicate that the station does not follow the same
proportional evolution as the reference gauges. They do not, however, establish whether the
source is local climate variability, observational inhomogeneity or both. Dependence-based
tests retain different levels of support according to the AR(1) specification (Table S10d).

Capela da Ribeira (ID14-R) shows a positive annual Sen slope of +90.1 mm decade−1

(HR-MK q = 0.006; Figure 3B). Pettitt and Buishand identify 1981, while SNHT selects
1972. Across the 1981 split, the segment mean increases by 52.7%, alongside changes
of 34.2% in the relative station/reference median and 44.0% in the double-mass slope
(Table S13b). A raw annual AR(1) parameter of 0.650 is reduced by detrending or segment
demeaning, with correspondingly variable adjusted change-point probabilities (Table S10d).
The disagreement in candidate dates and relative record variability limits interpretation of
the apparent step as a regional climate signal.

At Apiaí (ID1-R) and Itapeuna (ID3-R), positive annual Sen slopes are +48.2 and
+38.2 mm decade−1, respectively, both surviving BH adjustment (Figure 3C,D). Their
classical change-point candidates do not retain adjusted support; the evidence therefore
concerns gradual monotonic tendency rather than an identified abrupt transition.

Serrana do Sul (ID2-R) is the only gauge with an FDR-robust decreasing annual
precipitation trend (Sen −34.3 mm decade−1; q = 0.006; Figure 4A). No classical change-
point test meets the adjusted criterion.

Pariquera-Açu (ID9-R) and Tapiraí (ID12-R) show positive Sen slopes of +28.5 and
+26.2 mm decade−1, respectively (HR-MK q = 0.031 and 0.026; Figure 4B,C). The corre-
sponding classical candidate changes are not supported after BH adjustment.
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Figure 3. Annual precipitation trends and change points. (A) Balsa do Cerro Azul (ID13-R);
(B) Capela da Ribeira (ID14-R); (C) Apiaí (ID1-R); (D) Itapeuna (ID3-R). Panels show HR-MK results,
Sen’s slope, and change points evaluated using the Pettitt, SNHT, and Buishand tests.

Guanhanha (ID6-R) has a positive annual precipitation Sen slope of +98.3 mm
decade−1 (BH q < 0.001; Figure 4D). Pettitt and Buishand select 1980 without adjusted
support, whereas SNHT identifies 2018 with only five valid annual observations thereafter.
A separate 1981-based comparison indicates a 23.3% increase in station mean precipitation,
against 10.9% in the median station/reference ratio and 15.2% in the double-mass slope
(Table S13b). The candidate timing, unequal reference trajectories and limited post-2018
support do not resolve whether the change is climatic or related to the observational series.

Figure 5 summarises the annual rainfall evidence without converting statistical candi-
date dates into verified regime shifts. Seven gauges have BH-supported increasing trends,
Serrana do Sul has a BH-supported decrease, and classical change-point support is concen-
trated at a few stations. The large 1981 shifts at Balsa do Cerro Azul and Capela da Ribeira
coincide with relative interstation departures; at Guanhanha, the SNHT-supported 2018
candidate rests on only five subsequent observations. These qualifications are central to
interpretation of the spatial pattern, although they do not alter the station-level HR-MK
symbols (Tables S3, S10a–d and S13b).
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Figure 4. Annual precipitation trends and change points. (A) Serrana do Sul (ID2-R); (B) Pariquera-
Açu (ID9-R); (C) Tapiraí (ID12-R); (D) Guanhanha (ID6-R). Panels show HR-MK results, Sen’s slope,
and change points evaluated using the Pettitt, SNHT, and Buishand tests.

Figure 5. Spatial synthesis of annual precipitation HR-MK trends and classical change-point evidence.
Blue and red filled triangles indicate increasing and decreasing trends that remain significant after
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BH adjustment (q ≤ 0.05), and grey circles denote p > 0.05. Black arrows identify stations where at
least one classical change-point test retains q ≤ 0.05 within its BH family; arrow direction follows the
post- minus pre-candidate segment-mean contrast. At Guanhanha, the mapped arrow is based on
SNHT alone and the 2018 split has short post-candidate support (Table S10). Dependence sensitivities
are reported in Tables S7 and S10c.

3.2. Streamflow Trends and Change Points

Streamflow patterns are less spatially coherent than precipitation and differ among
Qmean, Qmax and Qmin. The following figures present the annual HR-MK and classical
change-point results, while Tables S7–S13 provide dependence, segment-support and
interstation diagnostics that indicate whether the same directional or level-change signal
persists under complementary formulations.

Juquiá (ID5-F) is the only streamflow station with an annual HR-MK trend that survives
BH adjustment: Qmax decreases by−16.2 m3 s−1 decade−1 (q < 0.001; Figure 6C). Its consecutive-
record moving-block interval supports a negative slope, while the alternative HAC linear-trend
specification does not retain BH-adjusted significance (Tables S7 and S8). At Jacupiranga (ID2-F),
Qmean and Qmin increase nominally by +1.3 and +0.3 m3 s−1 decade−1, and Balsa do Cerro Azul
(ID8-F) shows a nominal Qmax increase of +51.7 m3 s−1 decade−1. None of these three positive
results survives the original HR-MK BH adjustment.

Figure 6. Annual streamflow estimates and candidate change points. (A) Jacupiranga Qmin;
(B) Jacupiranga Qmean; (C) Juquiá Qmax; (D) Balsa do Cerro Azul Qmax. Displayed HR-MK and
classical change-test probabilities use within-variable BH families. Complementary evidence is
reported separately in Tables S7, S8 and S10c. At Jacupiranga (panel (B)), Pettitt, SNHT and Buishand
all identify 1993; their dashed indicators coincide, so the green SNHT line is not separately visible.
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At Jacupiranga (ID2-F), all three classical tests identify 1993 as the Qmean candidate,
with segment means of 22.1 and 29.4 m3 s−1 (+33.3%). This result meets the classical
BH criterion but is less robust to full-record AR(1) sensitivity, and the longest uninter-
rupted subrecord ends before the candidate date. Its timing is consequently described as a
statistical contrast rather than a confirmed intervention or regime transition (Table S10a–d).

At Balsa do Cerro Azul (ID8-F), Qmin means are 39.5 and 47.8 m3 s−1 on either
side of the 1994 candidate (+20.9%; Figure 7A). Buishand alone survives BH adjustment
(q = 0.043), limiting agreement among tests.

Figure 7. Change points in annual minimum streamflow. (A) Balsa do Cerro Azul (ID8-F); (B) Ribeira
(ID9-F); (C) Juquiá (ID7-F); (D) Juquiá (ID5-F). Panels show segment means and results from the
Pettitt, SNHT, and Buishand tests.

At Ribeira (ID9-F), classical tests identify Qmin candidates between 1969 and 2018,
with none significant after BH adjustment (Figure 7B). Differences between the plotted
segment means are consequently descriptive and do not establish a sustained change in the
discharge regime.

At downstream Juquiá (ID7-F), no annual Qmin trend or classical change-point can-
didate survives BH adjustment (Figure 7C). The SNHT candidate in 2023 is based on a
single subsequent annual observation, Qmin ≈ 6.6 m3 s−1 in 2024. Such a short segment
cannot establish a change in regime. Removing the 2024 observation increases the annual
Sen slope from +0.9 to +1.3 m3 s−1 decade−1 but does not produce a BH-supported trend;
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the candidate dates and adjusted support also change under the exclusion (Table S17c,d).
This isolated value remains subject to source-record verification.

At Juquiá (ID5-F), Qmin means increase from 38.7 to 46.5 m3 s−1 across the 1986
candidate (+20.2%; Figure 7D). Buishand alone survives BH adjustment (q = 0.005); the
other classical tests do not.

At Balsa do Cerro Azul (ID8-F), mean discharge before and after the 1992 candidate is
76.3 and 93.0 m3 s−1, respectively (Figure 8A). Neither the HR-MK trend nor the candidate
change-point tests survive multiplicity adjustment.

Figure 8. Annual mean-discharge contrasts at (A) ID8-F, (B) ID9-F and (C) ID1-F, and maximum-
discharge contrasts at (D) ID1-F and (E) ID6-F. The ID1-F contrasts in panels (C,D) have only four
and one subsequent observations; see Table S17c,d for record-exclusion sensitivities.
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At Ribeira (ID9-F), Qmean means are 115.3 and 135.9 m3 s−1 across the 1992 candidate
(Figure 8B). The contrast is descriptive because neither the trend nor the classical change-
point evidence retains BH support.

At Guanhanha (ID1-F), the original Qmean split in 2018 has only four later observations, while
the Qmax candidate in 2021 has only one. The resulting approximate segment-mean differences of
+301% and +1499%, respectively, are therefore highly sensitive descriptive contrasts, not reliable
estimates of persistent changes (Figure 8C,D). The exclusion of the questioned 2020 and 2022
observations changes the Qmax Sen slope from −0.9 to −2.3 m3 s−1 decade−1, yielding nominal
evidence (HR-MK p = 0.043) but not significance in the complete BH-adjusted ten-station
family (q = 0.143). The screened Qmean, Qmin and Qmax change-point results likewise do
not demonstrate an abrupt transition (Table S17b–d).

At Barra do Turvo (ID6-F), Qmax means are 315.0 and 522.4 m3 s−1 across the 1993
candidate (+65.8%; Figure 8E). Neither the original trend nor any classical candidate
survives BH correction, so the difference is not evidence of a confirmed abrupt shift.

Figure 9 retains one FDR-robust annual streamflow trend, the decreasing Qmax at
Juquiá (ID5-F). The positive Qmean and Qmin trends at Jacupiranga and Qmax at Balsa do
Cerro Azul remain nominal. Classical change-point arrows summarise the 1993 Jacupi-
ranga Qmean candidate, supported by all three tests, and two Qmin contrasts supported by
Buishand alone. None of the original Qmax change-point candidates survives BH adjust-
ment. The record-exclusion scenarios for ID1-F and ID7-F do not alter the classification
of BH-supported annual streamflow trends shown in Figure 9. Seasonal sensitivities and
full-family adjustment are documented in Tables S9, S12 and S17c.

Figure 9. Spatial synthesis of annual streamflow HR-MK trends and classical change-point evidence
for (A) Qmean, (B) Qmax and (C) Qmin. The filled red triangle denotes the FDR-robust decreasing trend
(BH q≤ 0.05), open blue triangles denote nominal increasing evidence (p≤ 0.05; BH q > 0.05), and grey circles
denote p > 0.05. Black arrows mark classical change-point evidence retaining q ≤ 0.05 after within-variable
BH adjustment, with direction based on the segment-mean contrast. Dependence and segment-support
sensitivities are reported in Tables S7 and S10a–c.
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3.3. Land-Use and Land-Cover Changes and Trends

Forest remained the dominant basin LULC class throughout 1985–2024. Other classes
exhibited contrasting changes in area and relative extent (Figure 10; Table 4). Maps for 1985,
1993, 2015 and 2024 provide a spatial representation of these trajectories.

Figure 10. Land use and land cover in the Ribeira de Iguape River Basin in 1985, 1993, 2015, and 2024.

Table 4. Areas and relative changes in twelve MapBiomas land-cover classes between 1985 and 2024 on
the basin-scale raster domain (approximately 26,332 km2). This domain also underlies Figures 10 and 11.
The documented terrestrial basin covers 25,803.2 km2; its independently extracted endpoint areas are
reported in Table S23, with domain differences in Table S20.

Class 1985 (km2) 1993 (km2) 2015 (km2) 2024 (km2) Change (%)

Forest 17,166.5 16,755.3 17,015.4 17,053.2 −0.7
Mangrove 90.6 88.6 85.2 79.8 −11.9
Wetland 108.2 106.4 120.3 113.9 5.3
Grassland 61.9 64.2 75.5 61.5 −0.5
Agriculture/Pasture 6914.0 7323.1 7026.5 6956.0 0.6
Beach 7.5 6.0 4.4 5.1 −31.8
Urban area 48.3 61.9 108.1 128.7 166.3
Other non-vegetated 31.1 13.7 15.8 17.2 −44.6
Mining 9.6 16.9 33.7 49.5 415.5
Rivers, Lakes & Ocean 198.9 217.3 163.8 167.7 −15.7
Restinga Forest 1662.0 1644.5 1652.2 1669.1 0.4
Restinga Herbaceous 33.7 34.4 31.4 30.3 −10.0

Note: The historical classified raster totals 26,332.2 km2 in 1985 and 26,332.3 km2 in 2024. The
independently documented vector watershed is 25,810.3 km2, and its intersection with the terrestrial
mask is 25,803.2 km2 (Table S20). Because the original mapping boundary cannot be fully established
from the inherited raster series, the 2.0% difference from the vector watershed is disclosed rather
than removed by an arbitrary scaling factor. The combined Rivers, Lakes and Ocean class includes
freshwater as well as potentially coastal cells; it does not measure the marine component separately.
Table S23 reports an independent extraction for 1985 and 2024 on the terrestrial domain, which is
distinct from the original forty-year series.
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Figure 11. Annual trends in selected land-use and land-cover classes. (A) Restinga Herbaceous;
(B) Urban area; (C) Mining; (D) Forest; (E) Mangrove. The full-series Sen lines are descriptive statistical
summaries; Forest is non-monotonic and is interpreted using separate pre- and post-minimum trends in
Table S15b. Strictly monotonic Urban area and Mining trajectories are emphasised descriptively.

Forest decreased from 17,166.5 km2 in 1985 to 17,053.2 km2 in 2024, a net change of
−113.3 km2 (−0.7%). Its minimum occurred in 1993 (16,755.3 km2), followed by partial
recovery. Agriculture/Pasture changed by +0.6%, while Mangrove and Restinga Herba-
ceous decreased by 11.9% and 10.0%, respectively (Table 4 and Table S15b). These class
areas describe the original raster domain, not an independently reconciled estimate of total
terrestrial catchment area.
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Urban area expanded from 48.3 to 128.7 km2 (+166.3%), and Mining from 9.6 to
49.5 km2 (+415.5%). The large relative changes arise from small initial areas and should
not be interpreted as equivalent to a basin-wide transformation. Other non-vegetated and
composite Rivers, Lakes and Ocean classes declined on the original raster support (Table 4).

The selected LULC series exhibit contrasting temporal shapes (Figure 11). Although
Forest has a positive full-period rank slope, its decline followed by recovery makes a single
monotonic summary unsuitable. Urban area and Mining increase throughout the annual
series; their observed area changes are more informative here than tests of perfect temporal
ordering (Table S15b).

Urban area increased monotonically across the forty annual maps, from 48.3 to
128.7 km2, and has Kendall τ = 1.000 and a global Sen slope of +20.1 km2 decade−1

(Figure 11B). The strict sequence is a property of the mapped product, potentially influ-
enced by temporal-consistency filtering, rather than independent proof of a physically
irreversible land-cover trajectory (Table S15b).

Mining also increased monotonically (τ = 1.000; Sen +7.7 km2 decade−1; Figure 11C).
As with Urban area, the consistent annual ordering and change in mapped extent are
reported descriptively; formal probabilities are not interpreted as independent confirmation
of continuous expansion in every location or year.

Restinga Herbaceous and Mangrove show decreasing monotonic tendencies (Sen −1.2
and −2.8 km2 decade−1, respectively; Figure 11A,E). Their mapped changes concern classified
extent and should not be equated with independently measured ecological degradation.

Forest does not follow a monotonic course over 1985–2024. Classified area declined to
16,755.3 km2 in 1993 and then partly recovered; descriptive Sen slopes are −459.4 km2 decade−1

before that minimum and +77.8 km2 decade−1 thereafter (Table S15b). The positive full-
period Sen slope (+56.2 km2 decade−1) is misleading if interpreted as sustained expansion,
because the 2024 area remains 113.3 km2 below that of 1985. Mean-shift candidates dated
2001–2009 describe a different property of the series and should not be equated with the
1993 turning point (Figure 11D).

Urban expansion is consistent with documented landscape changes elsewhere along the
São Paulo coast [67,68]. Mining growth is more spatially concentrated. The mapped reduction
in Beach area requires a different interpretation because tidal circulation, waves and estuarine
currents redistribute sediments within the Cananéia–Iguape system [69,70]. Changes in classified
surface area may therefore reflect coastal dynamics and image-classification variability as well
as persistent land-cover change.

3.4. Contributing-Area Validation and LULC-Discharge Associations

All ten DEM-delineated contributing areas satisfy the prespecified ±10% agreement
criterion relative to official drainage areas (Table S14; Figure 12A,B). Differences are +1.2%
at ID1-F, +1.0% at ID3-F and −9.4% at ID6-F. The alternative station polygons yield substan-
tially larger discrepancies of +29.4%, −58.5% and −26.8%, respectively, demonstrating the
sensitivity of geographical matching to boundary definition. The principal associations use
the DEM-delineated areas and land-cover observations extracted within their boundaries
for all forty years, without proportional area rescaling. The remaining discrepancy at ID6-F
and the separate uncertainty in ID3-F station-code provenance limit the interpretation of
area agreement as a complete validation of the hydrometric record.

https://doi.org/10.3390/earth7060185

https://doi.org/10.3390/earth7060185


Earth 2026, 7, 185 22 of 34

Figure 12. Validation of station contributing areas and contemporaneous mean-discharge associations.
(A) DEM-delineated versus official drainage area, with a 1:1 reference; (B) percentage differences relative
to official areas, with the −10% screening bound; (C) Pearson correlation coefficients between Qmean and
eight local MapBiomas land-cover percentages over 1985–2024. Asterisks indicate unadjusted p < 0.05;
none of the 76 Qmean coefficients survives within-metric BH correction (Table S21).

Spatial checks also examined gauge position, polygon topology, upstream nesting and
raster coverage. The largest absolute raster–vector area difference across 480 domain–year
evaluations was 0.016% (Table S14; Supplementary Data I). These results support internal
consistency between the delineated polygons and the classified raster extraction. They
do not establish that gauge metadata, discharge measurements or individual land-cover
classes are free of error. Station-level areas, nesting diagnostics, annual classified areas and
the complete coverage inventory are provided in Supplementary Data I.

The exploratory precipitation–LULC matrix remains in Supplementary Figure S2 be-
cause precipitation was represented by regional rain-gauge descriptors rather than rainfall
observed over each contributing area. Those correlations describe temporal coincidence
between spatially mismatched series; they neither measure a local land-cover response nor
demonstrate that changes in land cover influenced precipitation (Tables S5 and S6).
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Of 240 planned contemporary Pearson comparisons between local land-cover percent-
ages and discharge, 228 were estimable. Twenty-one had unadjusted p < 0.05: twelve for
Qmean, seven for Qmin and two for Qmax. None met q ≤ 0.05 within the corresponding
complete 76-test discharge family, and none met that threshold in the pooled 228-test
analysis (Table S21). The full row-level coefficients, nominal p values and both q values
are available in Supplementary Data I. The Qmean, Qmin and Qmax matrices appear in
Figures 12C and 13A,B. Nominally marked cells must not be read as adjusted evidence,
and neither spatial matching nor BH correction eliminates possible temporal confounding.

Figure 13. Contemporaneous Pearson correlations between upstream land-cover percentages and
(A) annual minimum discharge (Qmin) and (B) annual maximum discharge (Qmax), 1985–2024, within
ten DEM-delineated catchments. Red and blue indicate negative and positive coefficients, respectively.
Asterisks indicate unadjusted p < 0.05; none of the 76 estimable comparisons in either metric family
remains significant after BH adjustment at q ≤ 0.05. Grey cells identify constant or absent classes for
which a coefficient cannot be estimated. The Qmean matrix appears in Figure 12C. Tables S21 and S22
summarise the results, and Supplementary Data I provides the complete coefficients, probabilities
and sensitivity analyses. An em dash (—) in a grey cell indicates that the correlation is not estimable
because the land-cover class is absent or constant; it does not represent a zero coefficient.
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For ID3-F, the Rivers, Lakes and Ocean class is positively correlated with contempo-
raneous Qmean (r = +0.471; n = 36) and Qmin (r = +0.523; n = 36), but the within-metric
BH q values are 0.0765 and 0.0809, respectively (Table S22; Figures 12C and 13A). The
association is therefore not FDR-robust in the primary specification. Detrended correlations
attain adjusted significance under a different temporal model, whereas first differences
do not; neither alternative independently substantiates an effect of mapped land cover
on discharge. Changes in mapped surface-water area may also follow river stage. The
coefficients should consequently be interpreted as contemporaneous correspondence rather
than directional hydrological effects.

Record exclusions, alternative temporal windows and land-cover denominators were
examined in separate sensitivity cases (Tables S17c,d, S21 and S22). The principal annual
maps and Pearson matrices use the full discharge records, including ID1-F observations in
2020 and 2022 and the 2024 ID7-F Qmin value. Spatial correspondence is therefore evalu-
ated independently of the influence of these observations. The absence of BH-supported
contemporaneous associations, together with unresolved measurement and classification
uncertainties, limits hydrological attribution at catchment scale.

4. Discussion
Across the basin, precipitation shows a clearer spatial concentration of significant

annual trends than streamflow, but the two monitoring networks do not provide spatially
equivalent measures of the water balance. Rainfall is summarised from a regional gauge
network, whereas discharge integrates processes within individual and partly nested
contributing areas. The contrast between Figures 5 and 9 is therefore interpreted as a
difference in observed hydroclimatic trajectories rather than as a quantified precipitation–
runoff residual, with dependence, seasonal and interstation diagnostics used to qualify
persistence and timing without assigning a common cause.

4.1. Hydroclimatic Trends and Streamflow Variability

The strongest positive rainfall trends occur at neighbouring Paraná gauges where the
series also contain marked interstation consistency departures around 1981. At ID13-R,
the median station/reference ratio increases by 41.4%, and at ID14-R by 34.2%, while the
corresponding changes in double-mass slope are 40.8% and 44.0% (Table S13b). A shared
climatic contribution cannot be excluded, but neither can changes in station operation,
daily aggregation, instrumentation or processing. The origin and homogeneity of these
records cannot be settled from the monthly aggregates alone, especially as the distinction
between ANA bruto and consistido data is undocumented. The AR(1) null must also be
interpreted with care: estimated persistence falls after detrending or segment demeaning,
and the adjusted support for an abrupt change depends on that choice (Table S10d). The
network therefore supports spatially heterogeneous rainfall trends, not an unqualified
inference of climatic intensification at every gauge.

Regional climatic evidence remains heterogeneous. Observational studies have iden-
tified changes in climate extremes in eastern Paraná [71], while Varuolo-Clarke et al. [72]
reported that summer-rainfall increases across southeastern South America exceed those
reproduced by many climate models. Subsequent analysis connected part of this regional
change to stronger moisture transport by the South American low-level jet [73]. Within the
Ribeira Basin, the decrease at Serrana do Sul and the absence of spatially coincident change
points caution against treating the network as a single uniform trend. These regional
patterns are considered alongside studies of southeastern Brazilian rainfall extremes and
combined satellite–gauge records [74,75] and the role of circulation, relief and geography
in South American precipitation [76–78].
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The annual streamflow results differ by discharge metric. At ID5-F, decreasing Qmax

at Juquiá is the only HR-MK result surviving within-variable BH adjustment (Figure 9),
although the alternative HAC linear formulation is less decisive (Tables S7 and S8). The
three nominal positive results at Jacupiranga Qmean and Qmin and Balsa do Cerro Azul Qmax

do not meet the adjusted trend criterion. Separate classical change-point analyses identify
a 1993 candidate for Jacupiranga Qmean, supported by all three tests, and Qmin candidates
at Juquiá and Balsa do Cerro Azul supported by Buishand alone; no Qmax candidate
survives BH adjustment (Table S3). These distinctions matter because a monotonic trend,
a difference between segment means and an operationally caused regime shift are not
interchangeable claims. The +33.3% Jacupiranga Qmean contrast has some complementary
seasonal and HAC support but is weakened under the full-record AR(1) null, while the
longest uninterrupted subrecord does not extend across 1993 (Tables S9 and S10d). Its
precise timing cannot be treated as independently verified. Differences among flow metrics
are consistent with the distinct influences of climatic variability, catchment storage, land
use and water management on discharge magnitude and timing [79–81].

A water-balance interpretation places these discharge contrasts within the partitioning
of precipitation among runoff, evapotranspiration and storage, together with withdrawals
or transfers where present. Atlantic Forest modelling indicates how climatic and land-cover
changes can alter infiltration, evapotranspiration and water yield [82], but quantitative
Budyko or elasticity attribution would require catchment rainfall and evapotranspiration
observations unavailable here. Storm duration, antecedent moisture and catchment charac-
teristics can also separate rainfall-intensity changes from flood responses [83]. Jacupiranga’s
winter increases thus identify a seasonal feature of the discharge record without isolating a
change in recharge, baseflow or water management.

Divergent precipitation and streamflow trajectories have been documented in other
basins. Chen et al. [84] evaluated declining Huangfuchuan discharge in relation to climatic
variability and human activity, whereas São Paulo studies also reported discharge changes
not accompanied by equivalent precipitation trends [6–8]. The Juquiá hydropower complex
and its water-transfer context are described in regional and operator sources [85,86]. Broader
assessments document how impoundments may alter tropical river hydromorphology and
flood dynamics [87,88], and scenario-based modelling illustrates the sensitivity of water
availability and extremes in an Atlantic Forest catchment [89]. These studies indicate plausible
pathways, but none demonstrates the cause of the changes observed at the Ribeira gauges.

Operational history is relevant to interpreting the Juquiá River, but it does not supply
a measured explanation for the observed trends. The França, Fumaça, Alecrim, Serraria,
Porto Raso and Barra hydropower plants entered operation in 1958, 1964, 1974, 1978, 1982
and 1986, respectively [24] (see Supplementary Figure S1). The São Lourenço supply system
is authorised to withdraw up to 6.4 m3 s−1 from the Cachoeira do França reservoir under a
2016 authorisation; water-supply operation was reported in 2018 [90,91]. Neither installed
capacity nor licenced abstraction is a series of actual reservoir releases or withdrawn
volumes. For 48 common years in 1970–2023, Qmax Sen slopes at upstream ID5-F and
downstream ID7-F were −15.4 and −0.3 m3 s−1 decade−1, respectively, despite positive
interstation covariation (Table S19b). The downstream gauge integrates a substantially
larger catchment, so tributary inputs, hydrological storage, record differences and operating
conditions could all contribute to the mismatch. The available evidence does not isolate
any one of these mechanisms.

Interstation discharge diagnostics reveal relative differences that do not independently
identify hydrometric interventions. The Juquiá Qmax decline at ID5-F is accompanied
by a weaker response at downstream ID7-F, despite positive co-variation between the
common-period records. These observations are compatible with several climatic, spatial,

https://doi.org/10.3390/earth7060185

https://doi.org/10.3390/earth7060185


Earth 2026, 7, 185 26 of 34

operational or measurement-related influences. Ratings, releases and withdrawal histories
would be needed to evaluate the individual contributions (Tables S13 and S19b; Figure S3).

4.2. Land-Use and Land-Cover Changes and Coastal Environments

The Forest series should not be interpreted as a simple recovery trend. The sharp early
loss, 1993 minimum and subsequent increase yield a positive full-series Sen slope even
though the 1985–2024 endpoint difference is negative (Table S15b). Reported changes in
forest extent may reflect conversion, regrowth and classification consistency, but annual
class area alone cannot distinguish forest age, structure or ecological quality [92,93].

The small net change in forest extent likewise leaves its hydrological implications open.
Caballero et al. [94] describe changes in surface–atmosphere water and energy exchanges
following Brazilian land-cover conversion, with responses depending on biome and climate.
Atlantic Forest modelling also indicates that greater forest cover can enhance infiltration
and reduce surface runoff without necessarily increasing annual water yield [82], so the
partial recovery in Ribeira need not correspond to a single direction of change in mean or
extreme discharge.

Urban area and Mining expanded substantially from small initial areas, and their
annual mapped series are strictly increasing. Temporal-consistency filters in annual Map-
Biomas products may contribute to this ordering; therefore, τ = 1.000 is reported as a
property of these classified trajectories rather than as independent evidence of physically
monotonic land conversion. Their potential hydrological relevance remains dependent on
location, connectivity and catchment scale.

Mangrove and herbaceous-restinga losses occur in environments where estuarine,
sedimentary and continental influences interact, making their separation from annual
class areas difficult. Physical setting and land-use history have been associated with
Atlantic Forest hydrological responses [95], and climatic variability is documented in the
Cananéia–Iguape system [57]. Analyses of wetlands and built surfaces in the uMngeni
catchment further illustrate the dependence of mapped change on spatial scale [96], but
these comparisons do not determine the mechanisms underlying the Ribeira trajectories.

The 31.8% decline in Beach area describes a reduction in classified surface extent,
not a measured rate of coastal erosion. Tides and estuarine currents influence sediment
redistribution in the Cananéia region [69], and depositional mobility is documented for
Cardoso Island [70]. These processes, combined with classification uncertainty for narrow
and dynamic surfaces, preclude interpretation as shoreline retreat without independent
shoreline and sediment observations.

Potential land-cover effects on discharge depend on the extent, arrangement and
hydrological connectivity of landscape change within the upstream area [97,98]. Matching
annual land-cover observations to DEM-delineated catchments establishes a physically
relevant spatial basis for comparison, but does not identify the direction or magnitude of
a causal effect. None of the 228 estimable primary associations remains significant after
within-metric BH adjustment (Figures 12C and 13; Table S21). Hydrological explanations
must also account for catchment precipitation, storage, water withdrawals and uncertainty
in the land-cover and discharge records.

4.3. Spatial Support, Scale and Exploratory Associations

The regional precipitation–land-cover comparison and the catchment-specific dis-
charge analysis answer different spatial questions. Network precipitation descriptors
cannot be interpreted as rainfall integrated over each upstream area, and their associations
with basin-scale mapped classes remain exploratory (Figure S2). The local discharge matri-
ces in Figures 12C and 13A,B use land-cover percentages from the contributing area of each
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gauge. Although 21 of 228 estimable Pearson coefficients meet the unadjusted 5% threshold,
none remains significant within its complete 76-test metric family after BH adjustment. The
observed coefficient pattern therefore does not establish a common land-cover control on
streamflow (Tables S21 and S22).

The ID3-F water-class associations illustrate the distinction between spatial matching
and inferential support. Within its DEM-delineated catchment, correlations with Qmean

and Qmin are +0.471 and +0.523, respectively; both meet the nominal threshold, but neither
satisfies q ≤ 0.05 within its full metric family. Detrended relationships retain stronger
adjusted evidence, whereas first differences do not (Table S22). These specifications describe
different temporal components and cannot be combined as corroborating tests of a single
mechanism. Moreover, the mapped Rivers, Lakes and Ocean class can vary with river
stage or reservoir level. The available observations do not resolve the direction of influence
between mapped water extent and discharge.

Geometric validation showed that all ten independently derived catchments are within
±10% of official drainage areas, although the −9.4% discrepancy at ID6-F remains close to the
screening threshold (Figure 12). The raster–vector comparison and 40-year MapBiomas extrac-
tion support the validity of spatial matching, but do not eliminate station-record uncertainty,
classification error or confounding in the statistical associations (Tables S14 and S21).

Catchment land-cover percentages use the total valid classified area as their principal
denominator. Results based on the sum of the eight selected classes, alternative tempo-
ral windows and alternative station polygons are documented separately to distinguish
denominator, temporal and spatial-support effects. Supplementary Data I contains the
annual catchment areas and all 240 planned primary correlation records, with sample sizes,
nominal probabilities and both BH adjustments. Table S21 summarises the complete testing
families, while Table S22 examines ID3-F. Estimates derived from different spatial supports
are not pooled or interpreted as measurements of the same catchment-level association.

The large ID1-F observations in 2020 and 2022, and the low 2024 ID7-F Qmin observa-
tion, warrant direct source-record checks. The values of 4.26 and 5.52 at ID1-F compare
discharge-derived annual runoff depth with regional, not local catchment-integrated, rain-
fall (Table S17b). Excluding 2020 and 2022 strengthens the ID1-F Qmax Sen slope from −0.9
to −2.3 m3 s−1 decade−1, but the adjusted probability remains q = 0.143. The screened
ID7-F Qmin slope also remains non-significant after BH adjustment (Table S17c). These
analyses show that the principal inference does not depend on labelling the questioned
records as erroneous, while leaving the original measurements and the unusually large
segment contrasts explicitly unverified.

Spatially differentiated precipitation and discharge trajectories are compatible with
several climatic, storage-related, landscape and water-management influences. The obser-
vational design does not separate their causal contributions. Catchment delineation and
annual land-cover extraction establish geographical correspondence, while mechanistic
assessment would additionally require catchment precipitation and evapotranspiration,
verified hydrometric metadata, and reservoir-release or abstraction records [82,98,99].

4.4. Limitations and Future Perspectives

The station records differ in temporal coverage and completeness, and some lack meta-
data sufficient to establish rating-curve histories, the ANA precipitation processing category
and the treatment of missing daily values. Relative-consistency diagnostics identify de-
partures among records without determining whether they reflect observational changes
or local climatic variability. AR(1) sensitivities depend on persistence estimation, and
moving-block analyses may concern uninterrupted subrecords that exclude the candidate
year. The basin-scale LULC trajectories also represent a raster domain of approximately
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26,332 km2. Class-by-class extraction within the documented terrestrial boundary covers
the 1985 and 2024 endpoints, not a boundary-harmonised forty-year regional sequence
(Tables S20–S23). These distinctions restrict temporal and spatial comparability and are
evaluated through the separate diagnostics in Tables S7–S10d, S13b and S17b–d.

Regional precipitation indices and station discharge summaries do not constitute
spatially matched water-balance components. Several discharge gauges drain nested
areas and have unequal record completeness. Within the DEM-delineated catchments,
none of the contemporaneous land-cover–discharge coefficients survives the specified
BH adjustment. This finding limits evidence for an annual linear association; it does not
demonstrate the absence of landscape-related hydrological effects. Interpretation remains
conditional on serial dependence, catchment nesting, observational quality, classification
uncertainty and unmeasured drivers. Studies of soil-water storage [100] and climate-land-
cover interactions [101] illustrate why temporal correspondence alone cannot identify the
underlying mechanisms.

MapBiomas classification uncertainty is particularly relevant for small or spatially dynamic
classes. Forest follows a non-monotonic trajectory, whereas temporal-consistency filters may
contribute to the strictly increasing Urban area and Mining series (Table S15b). The catchment
geometries meet the area, topology and nesting criteria, although ID6-F differs from its official
drainage area by −9.4%, close to the tolerance limit. Consistent raster coverage across forty
annual maps supports geographical comparability without guaranteeing error-free land-cover
classification or hydrometric observations (Tables S14 and S21–S23; Figure 12).

Commissioning dates, licenced withdrawals and the common-period ID5-F/ID7-F
comparison constrain possible operational interpretations but are not substitutes for time
series of reservoir releases, abstractions and local rainfall. Inferences about hydropower or
transfer impacts remain hypotheses rather than established explanations for the observed
streamflow patterns.

5. Conclusions
Annual precipitation trends are predominantly positive, but not uniform across the

Ribeira de Iguape Basin: seven stations retain increasing and one a decreasing trend
after BH adjustment. The exceptionally large positive changes and 1981 candidates at
two neighbouring Paraná gauges coincide with departures from interstation reference
series. Because station metadata and daily aggregation histories remain incomplete, these
observations cannot be interpreted unequivocally as climatic discontinuities. The other
precipitation candidates are likewise sensitive to dependence assumptions and, in some
cases, short record segments.

Discharge changes are more localised. The declining annual maximum flow at Juquiá
is the only streamflow trend that survives the prespecified BH adjustment, and the same
magnitude of decline is not observed at the downstream station during common years.
The targeted exclusions of the anomalous ID1-F observations and the isolated 2024 ID7-F
minimum do not add any adjusted annual discharge trend. Statistical contrasts and the
chronology of water infrastructure do not, on their own, identify an operative cause for the
observed changes.

Urban and mining areas expanded during 1985–2024, whereas Forest reached a min-
imum in 1993 and recovered partially without regaining its 1985 extent. Land-cover
observations within ten DEM-delineated catchments yielded 228 estimable contempora-
neous discharge correlations. Twenty-one were nominally significant, but none remained
significant after adjustment within its complete metric family. The evidence thus supports
spatially contrasting precipitation, discharge and landscape trajectories, while leaving the
causal contribution of land-cover change to river flow unresolved.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/earth7060185/s1, Supplementary Material I provides station
inventories and annual estimates (Tables S1–S4), spatial-support and estimator comparisons
(Tables S5, S6 and S11a–c), temporal and seasonal sensitivities (Tables S7–S10d), network-weighting
analyses (Tables S12 and S18), interstation and catchment diagnostics (Tables S13 and S14), land-
cover and hydrometric assessments (Tables S15–S20), and catchment-specific associations and spatial-
domain comparisons (Tables S21–S23). Supplementary Figure S2 presents the exploratory regional
precipitation–LULC matrix. The local Qmean, Qmin and Qmax matrices appear in Figures 12C and 13A,B.
Supplementary Data I contains all 240 planned primary comparisons, annual catchment-specific class areas
for 1985–2024, spatial coverage diagnostics and record-exclusion sensitivities. Analytical code and source
material are archived at https://doi.org/10.5281/zenodo.23583929. References [24,47,51–53,86,90,102–104]
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Abbreviations
The following abbreviations are used in this manuscript:

ANA National Water and Basic Sanitation Agency
AR(1) First-order autoregressive process
BH Benjamini–Hochberg procedure
DAEE São Paulo State Department of Water and Electric Energy
DEM Digital elevation model
FDR False discovery rate
HAC Heteroskedasticity- and autocorrelation-consistent covariance
HR-MK Hamed–Rao modified Mann–Kendall test
IBGE Brazilian Institute of Geography and Statistics
LULC Land use and land cover
Qmean Mean discharge
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Qmax Maximum discharge
Qmin Minimum discharge
SACZ South Atlantic Convergence Zone
SNHT Standard Normal Homogeneity Test
SP-Águas São Paulo State Water Agency
CBH-RB Ribeira de Iguape River Basin Committee
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