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Abstract Land cover affects the runoff response of catchments. However, such land-cover effects remain
difficult to decipher because experimental studies are site-specific, while large-sample analyses are often
confounded by climate gradients that obscure the role of land cover. Site-to-site comparisons that ignore
differences in antecedent wetness may overestimate runoff responses in forested catchments because they are
typically found in humid climates. Here we quantify runoff responses to unit precipitation inputs and examine
how they vary across 252 U.S. catchments with different land covers and forest fractions. For comparable
antecedent wetness conditions (as quantified by antecedent streamflow), peak runoff responses decline as forest
cover increases, with peak responses in forested catchments being 16%—63% lower than in catchments
dominated by cropland or grassland. By accounting for climate-driven differences among catchments, our
approach isolates the influences of land cover on reducing peak flows, which are often masked by climate in
large-sample analyses.

Plain Language Summary It is often challenging to identify how land cover affects peak river flows
across many catchments because climate differences among catchments often mask land-cover effects. Here we
quantify the runoff response per unit of rainfall in 252 U.S. catchments and minimize climate-driven differences
by grouping runoff responses according to antecedent wetness at the time of rainfall. For similar antecedent
wetness conditions, peak runoff response decreases as forest cover increases. Peak runoff response is 16%—63%
lower in forested catchments than in catchments dominated by cropland and grassland. This indicates that forest
impacts on peak river flows emerge after accounting for the effects of climate.

1. Introduction

Over the past centuries, much of Earth's land cover has been altered by human activities and global warming
(Song et al., 2018; Winkler et al., 2021), and such changes are projected to continue (Alexander et al., 2017).
Land-cover change can affect hydrological behavior (Andréassian, 2004; Bloschl et al., 2007). While urbani-
zation can have significant hydrological impacts (Anderson et al., 2022; Blum et al., 2020; Coxon et al., 2024;
Han et al., 2022), the most widespread land-cover changes globally involve vegetated surfaces (Winkler
et al., 2021). In this study, we focus on the role of forest cover. Studies of the hydrological influences of forest-
cover change commonly focus on total water yield or annual average streamflow (e.g., Farley et al., 2005; Jackson
et al., 2005; M. Zhang et al., 2017). Forest effects on peak flows can also be substantial but are generally more
difficult to study and are often poorly constrained (Rogger et al., 2017).

Paired-catchment studies (e.g., Brown et al., 2013; Ogden et al., 2013) and modeling studies (e.g., Barnes
etal., 2023; Buechel et al., 2022; Salazar et al., 2012) have explored how land-cover change may affect peak flows
of headwater catchments. There remains ongoing debate over whether these effects occur for larger events and in
larger catchments. Some studies have reported that forest cover reduces peak flows only during small to medium
rainfall events (e.g., Bathurst et al., 2011; Brown et al., 2005; Salazar et al., 2012). By contrast, others have found
that at previously degraded sites, where soil infiltration increased after afforestation, forest cover also reduces
peak flows during large storms (e.g., Lana-Renault et al., 2014; S. Liu et al., 2025; van Meerveld et al., 2019).
Land-cover effects on streamflow tend to be clearer for small catchments and tend to diminish with increasing
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catchment size (Bathurst et al., 2022; Bloschl et al., 2007; Buechel et al., 2022), but significant effects can occur in
large catchments as well (Salazar et al., 2012; Silveira & Alonso, 2009). The systematic review of Filoso
et al. (2017) highlighted that forest-cover expansion decreased peak flows in over 80% of the 43 included studies
(comprising both empirical and model studies). Stratford et al. (2017) synthesized 71 case studies from Europe
and came to broadly similar conclusions, but emphasized that decreased peak flows are clearer for small events
than larger ones.

Streamflow-based analyses across a range of catchments within a region can evaluate general relationships be-
tween forest-cover (change) and hydrological response. A conventional way is to examine spatial patterns of
streamflow signatures (such as quantiles of the flow distribution) and relate these to climate and landscape
properties (e.g., Hall et al., 2022; Krishnaswamy et al., 2012, 2013; L. Zhang et al., 2012). For example,
Krishnaswamy et al. (2012, 2013) examined 11 catchments in the Western Ghats (India) and found that forested
catchments generated less streamflow and that their responses were less flashy (i.e., with smaller fractions of
quickflow) than for degraded forests and exotic Acacia plantations on formerly forested land. By contrast, Hall
et al. (2022) showed for 20 catchments in Puerto Rico (U.S.) that forested catchments had higher peak flows than
deforested ones under both wet and dry antecedent rainfall conditions, suggesting that increases in forest cover do
not reduce peak flow extremes. McEachran et al. (2023) examined the streamflow responses for low-relief
glaciated catchments in the U.S. and found that forest disturbance could increase or decrease peak flows, and
that the effects of forest disturbance were smaller than the effects of climatic variability and catchment scale.

The rise of large-sample hydrologic data sets has made it possible to evaluate land-cover effects for even larger
numbers of catchments over larger areas. However, such studies often face challenges in detecting clear land-
cover effects (Anderson et al., 2022; Floriancic et al., 2022; Slater et al., 2024). Anderson et al. (2022) studied
the relationship between peak flows and forest-cover change for 729 U.S. catchments and found a non-significant
average effect of forest-cover changes on streamflow. Addor et al. (2018) and Stein et al. (2021) studied how
landscape attributes influence spatial patterns of streamflow signatures for 671 U.S. catchments, and found that
peak flow and flood events were only weakly influenced by land cover. One reason for the lack of a clear land-
cover effect in these studies may be that as the number of study sites and the spatial domain increase, the inferred
effects of land cover become increasingly confounded by climate gradients, which exert a dominant control on
peak flows (Addor et al., 2018; Berghuijs et al., 2019; Slater et al., 2024; Stein et al., 2021; Y. Zheng et al., 2023).
It is challenging to disentangle the influence of land cover from climate by simply stratifying study catchments by
climate gradients (e.g., differences in precipitation or aridity) because land cover is strongly confounded with
climate (i.e., forests are more common in wetter catchments), meaning that stratifying by climate gradients also
implicitly stratifies by land cover. Therefore, in large-sample studies, particularly those spanning regions with
large gradients of climatic aridity, stratifying by climate gradients may not be an effective way to explore the
influence of land-cover on the runoff response. Instead, because climate influences peak runoff response by
controlling antecedent catchment wetness, stratifying runoff responses by antecedent streamflow (Q,,,) targets
the hydrologic state governing runoff generation and thereby reduces the confounding effect of climate.

Here, we use a novel approach to infer the effects of forest cover on peak flows, by combining a recently
developed method that quantifies rainfall-runoff responses (Ensemble Rainfall-Runoff Analysis (ERRA),
Kirchner, 2024a) with data from 252 U.S. catchments dominated by different land covers (Addor et al., 2017;
Gauch et al., 2020). We address the confounding effect of climate by stratifying the runoff responses by ante-
cedent wetness conditions (quantified by antecedent streamflow). We then examine the spatial pattern of peak
runoff responses per unit rainfall and reveal systematic gradients in peak runoff responses with forest cover. We
use this approach to examine the effects of land cover (and forest fraction) on the runoff response because these
spatial differences in runoff response reflect the net (long-term) effects of land cover on hydrological processes
and can help to understand the effects of forest cover change on peak flows.

2. Methods
2.1. Ensemble Rainfall-Runoff Analysis and Runoff Response Distributions

Many conventional methods for quantifying runoff response behavior, such as unit hydrographs, assume that
runoff is proportional to precipitation. However, real-world hydrological systems can be highly nonlinear and
nonstationary (Kirchner, 2009). Ensemble Rainfall-Runoff Analysis (ERRA) quantifies a catchment's nonlinear,
nonstationary response to precipitation directly from observational data using nonlinear deconvolution and de-
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mixing (Kirchner, 2022, 2024a), thereby providing a nonlinear and nonstationary extension of unit hydrograph
approaches. ERRA is a data-driven and model-independent method; as such, it characterizes and quantifies how
catchments behave without making any assumptions about the mechanisms underlying that behavior. The
mathematical foundations of ERRA are documented and benchmarked by Kirchner (2022), and illustrative ap-
plications to hydrological systems are presented by Kirchner (2024a).

The weighted average runoff response distribution (RRD) obtained from ERRA quantifies the incremental runoff
response per millimeter of hourly precipitation as a function of lag time (Kirchner, 2024a, Figure S1b in Sup-
porting Information S1). While conceptually similar to a unit hydrograph, it accounts for the underlying
nonlinearity and non-stationarity. The weighted average RRD represents the average or typical runoff response
behavior of a catchment, while RRDs stratified by antecedent wetness conditions represent the runoff response
behavior for specific wetness conditions before the rain falls (Figure S1c in Supporting Information S1). See
Figure S1 in Supporting Information S1 for an illustration of how to interpret average RRDs and stratified RRDs
for an example catchment.

Due to the lack of hourly soil-moisture observations, we use streamflow 6 hr before rain falls to represent the
antecedent wetness conditions. Antecedent streamflow is a widely used index for characterizing catchment
antecedent wetness conditions (James & Roulet, 2009; Kirchner, 2009; Tarasova et al., 2018). The three ante-
cedent streamflow intervals we use are <0.05, 0.05-0.15, and >0.15 mm hr™". The RRD peak height reflects the
peak runoff response to an additional mm of hourly rainfall, above any antecedent streamflows. Therefore, we use
the peak heights of RRDs to measure the effects of rainfall on subsequent peak flow conditions for each of the
three antecedent streamflow ranges.

2.2. Data

We derived RRDs for catchments throughout the United States using hourly precipitation and streamflow time
series from Gauch et al. (2020), who provide records for 516 CAMELS catchments (Addor et al., 2017; Newman
etal., 2015) from 1980 to 2020. In this data set, streamflow is obtained from the USGS Water Information System
through the Instantaneous Values REST API (United States Geological Survey, 2021) and aggregated to hourly
resolution for each catchment. Precipitation is taken from the hourly NLDAS-2 product, which contains hourly
meteorological data since 1979 (Xia et al., 2012).

We estimated the RRD for the snow-free season to avoid snowmelt influences on the rainfall runoff-response. The
presence of snow was inferred using daily Normalized Difference Snow Index (NDSI) values extracted from
2001 to 2020 MODIS satellite data using Kirchner et al. (2020b)'s robust estimation approach, which minimizes
artifacts due to clouds. For each catchment, we computed the 90th percentile of the NDSI for each month of each
year and considered the months in which the 90th percentile of the NDSI value was <—0.2 as snow-free. Because
the NDSI data span 2001-2020 (20 years), while the hourly hydrologic data used to derive RRDs extends back to
1980, we classified a month as snow-free in a given catchment if it was snow-free in 16 or more of the
20 years (>80%).

We compared peak heights of both average RRDs and stratified RRDs in catchments with different forest
fractions and land covers to reveal land-cover effects on the runoff response. The forest fraction and dominant
land cover were derived from the CAMELS catchment attributes data set (Addor et al., 2017). We focus on
catchments with four dominant landcover types, including three types of forests (i.e., evergreen needleleaf,
mixed, and deciduous broadleaf) and one non-forested catchment type (combining cropland, grassland, and
cropland or natural vegetation mosaics). We limited our selection to catchments for which the dominant landcover
occupies at least 70% of the catchment's total area, resulting in a set of 458 catchments.

From the 458 catchments with one of the four dominant landcovers, we had to eliminate 206 catchments that had
insufficient usable data to complete the calculations, or to quantify the RRDs reliably (thus yielding RRDs with
unrealistic shapes or very large standard errors, for example, Figure S2 in Supporting Information S1). In these
cases, there is insufficient information in the data to statistically derive a catchment's nonlinear and nonstationary
response to precipitation (e.g., because the timeseries are too short, the data is of too low quality, or the catchment
response is too decoupled from precipitation). These catchments were primarily located in the western moun-
tainous regions, with too few rain events occurring during the snow-free season, and the Great Plains, with too few
rainfall events occurring during high antecedent wetness conditions (Q,,, > 0.15 mm hr™"). Of the remaining 252
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Figure 1. Geographic distributions of the 252 catchments and their vegetation and climate characteristics. (a—c) Geographic
distributions of forest fraction, dominant land cover, and climate aridity (PET/P). Forested catchments are shown as circles,
and non-forested catchments as squares. (d) Variation in aridity for catchments with different forest fractions; catchments
with higher forest cover tend to be located in more humid regions. The box represents the interquartile range, the horizontal
line through the box represents the median, and the whiskers extend to 1.5 times the interquartile range (outliers not shown).
The bins of forest cover for the boxplots contain equal numbers of catchments (7 = 63).

catchments, 49 are classified as evergreen needleleaf forest catchments (data coverage 22-34 years), 44 as mixed
forest catchments (data coverage 23-39 years), 81 as deciduous broadleaf forest catchments (data coverage 13—
39 years), and 78 as cropland and grassland catchments (data coverage 13-38 years; including 25 cropland, 11
grassland, and 42 cropland or natural vegetation mosaic catchments).

We also extracted additional catchment properties from CAMELS (Addor et al., 2017) to assess factors beyond
land cover that may influence the runoff response, including: catchment area (km?), climate aridity (PET/P), mean
slope (m km™"), soil conductivity (cm hr™'), and geological permeability (m?). The median and range of data
coverage and catchment properties for each dominant land cover are listed in Table S1 in Supporting Informa-
tion S1. The geographic distribution of the 252 study catchments is shown in Figure 1, with their forest fraction
(Figure la), dominant land cover (Figure 1b), and climate aridity (Figure 1c). For the 252 study catchments,
catchment areas range from 6 to 1,980 kmz, with an average of 430 km? and a median of 256 km?. Catchments
with higher forest cover are generally located in the more humid regions (Figure 1d). The Spearman rank cor-
relation between forest fraction and aridity is —0.69 (p-value < 0.001). Catchments with higher forest cover
fractions also tend to be smaller (Figure S3 in Supporting Information S1; Spearman's p = —0.22, p-
value = 0.001), have larger mean slopes (Figure S3 in Supporting Information S1; p = 0.68, p-value < 0.001), and
have higher soil conductivities (Figure S3 in Supporting Information S1; p = 0.52, p-value < 0.001).

2.3. Isolating Forest Cover Effects From Climate

We first quantify the univariate (Spearman rank correlation) and multivariate (multiple linear regression) re-
lationships between the conventional peak flow signature (Q;, the flow exceeded 1% of the time) and land cover
and climate aridity. Second, we examine the same relationships for peak heights of average RRDs. Finally, we
assess these relationships for peak heights of stratified RRDs. In the first approach, relationships between Q; and
land cover can be confounded by climate, since Q; depends on both precipitation and its conversion to runoff.
Forest cover is typically higher in humid catchments (Figure 1d), and thus Q, tends to be higher in such areas for
two reasons: (a) precipitation rates are greater and (b) the conversion of precipitation to runoff is influenced by
climate, as aridity strongly controls how much precipitation becomes streamflow (Arora, 2002; Berghuijs
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et al., 2014; Padrén et al., 2017). Thus, higher Q, in forested catchments can partly reflect climate rather than the
influence of land cover on runoff generation. In the second approach, relationships between peak heights of
average RRDs and land cover remain partly confounded by climate. Although average RRDs represent the runoff
response per unit rainfall, the conversion of rainfall to runoff still depends on aridity, so peak heights across land
covers still reflect some climatic influence (albeit to a lesser extent compared to the relationship between Q; and
land cover). In the third approach, relationships between peak heights of RRDs for similar antecedent wetness
conditions (quantified by antecedent streamflow) and land cover are largely unconfounded by climate. Because
aridity affects the runoff response mainly through antecedent wetness, stratifying RRDs by three antecedent
streamflow intervals (<0.05, 0.05-0.15, and >0.15 mm hr™!) allows comparisons across climate zones for similar
antecedent wetness conditions, thereby minimizing the confounding effects of climate (see the lower three rows
of Figure 2).

3. Results and Discussion
3.1. Relationships Between Q; and Land Cover and Aridity

Raw correlations suggest that Q, is higher in more forested catchments, but this difference may reflect climate
effects rather than land-cover differences (Figures 2a—2d, Figures S4a and S4b in Supporting Information S1).
The univariate Spearman rank correlations show that Q; is significantly higher in more humid regions (Figure 2b;
Spearman's p = —0.67, p-value < 0.001) and also higher in catchments with greater forest cover (Figure 2c;
p = 0.43, p-value < 0.001). Catchments with the highest (>0.99) forest cover fractions have a median Q,
(0.85 mm hr™ ") that is 80% higher than in the lowest (<0.58) forest cover group (0.47 mm hr !, Figure 2c). The
median Q, is highest in evergreen needleleaf forest catchments (1.30 mm hr™') and is 169% higher than in
cropland and grassland catchments (0.48 mm hr™', Figure 2d). By contrast, multiple linear regression analyses of
Q, with aridity and forest fraction indicate that a higher forest cover reduces Q,, but the standardized effect on Q,
(regression slope multiplied by the driver's standard deviation) of forest fraction is ~6 times smaller than that of
aridity (Table S2 in Supporting Information S1). Thus, the study catchments show a likely spurious positive
univariate relationship between forest cover, and after accounting for climate using the multiple linear regression,
forest cover effects on Q; appear uncertain because aridity effects dominate (Figures 2a—2d and Table S2 in
Supporting Information S1).

3.2. Peak Heights of Average RRDs Versus Land Cover and Aridity

Peak heights of average RRDs do not covary significantly with forest cover, but this may still reflect some re-
sidual climate effects rather than an absence of land cover effects on runoff response (Figures 2e—2h, Figure S4c
and S4d in Supporting Information S1). Univariate Spearman rank correlations show that the relationship be-
tween peak height of the average RRD and forest fraction is weak and insignificant (Figure 2g; p = —0.02, p-
value = 0.81) and is thus much weaker than the relationship between Q,; and forest fraction (Figure 2c; p = 0.43,
p-value < 0.001). The correlation between average RRD peak height and climate aridity (Figure 2f; p = —0.25, p-
value < 0.001) is also notably weaker than the relationship between Q, and climate aridity (Figure 2b; p = —0.67,
p-value < 0.001). This is logical because the average RRDs represent the runoff response per unit rainfall,
whereas Q, can be expected to increase with increasing rainfall. Multiple linear regression analysis of RRD peak
heights indicates that the standardized effect of aridity is of a similar magnitude as that of forest fraction (Table S2
in Supporting Information S1). Furthermore, there are no clear systematic differences in the peak heights of
average RRDs among land cover classes, with substantial overlap in the interquartile ranges across different
classes (Figure 2h). Thus, is the catchments show no clear relationship between forest cover and peak heights of
average RRDs, but this may reflect some residual confounding climate effects rather than an absence of effects of
land cover on runoff response (Figures 2e—2h and Table S2 in Supporting Information S1).

3.3. Peak Heights of Stratified RRDs Versus Land Cover and Aridity

In contrast to the peak heights of the average RRDs, peak heights of the RRDs stratified by antecedent wetness (as
quantified by antecedent streamflow Q,,) decrease significantly as forest cover increases, while relationships
between peak height and climate aridity are generally weak and not consistently significant (Figures 2i-2t, Figures
S4e-S4j in Supporting Information S1). Stratified RRD peak heights exhibit weak and insignificant correlations
with aridity for antecedent wetness Q,,, in the ranges of 0-0.05 mm hr™"' (Spearman p = 0.03, p-value = 0.63)
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Figure 2. Disentangling forest-cover effects on runoff response from climate effects. (a—d) Spatial patterns of Q, (the flow exceeded 1% of the time) and how it varies
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correlation coefficient and corresponding p-value are printed in the upper corner of the box plots with aridity and forest cover. In the rightmost column, DB-Forest
indicates deciduous broadleaf forest, EN-Forest indicates evergreen needleleaf forest, and Cropland indicates cropland and grassland catchments. The bins for the
boxplots of aridity and forest fraction contain equal numbers of catchments (n = 63). The numbers for catchments dominated by cropland and grassland, deciduous
broadleaf forest, mixed forest, and evergreen needleleaf forest are 78, 81, 44, and 49, respectively.

land cover. The three antecedent wetness conditions are based on antecedent streamflow intervals Q

ant*
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and >0.15 mm hr ! (p = 0.12, p-value = 0.06), and weak correlations with aridity for antecedent streamflow
values in the range of 0.05-0.15 mm hr™' (p = 0.20, p-value = 0.001) (Figures 2j, 2n, and 2r). By contrast,
stratified RRD peak heights exhibit statistically significant decreases with forest fraction for all antecedent
wetness ranges: 0-0.05 mm hr™' (p = —0.23), 0.05-0.15 mm hr™' (p = —0.38), and >0.15 mm hr' (p = —0.28)
(Figures 2k, 20, and 2s; p-values all <0.001). Across all the antecedent wetness classes, the median peak height of
RRDs in catchments in the highest (>0.99) forest fraction group is typically 37%—49% lower than in the lowest
(<0.58) forest cover fraction group.

Catchments dominated by forest cover have lower peak runoff responses than those dominated by croplands or
grasslands (Figures 21, 2p, and 2t). Evergreen needleleaf forest catchments have the lowest peak response, fol-
lowed by mixed and deciduous forests, with cropland and grassland catchments having the highest peak response.
Across the antecedent wetness classes, peak heights of stratified RRDs in forested (deciduous broadleaf forest,
mixed forest, and evergreen needleleaf forest) catchments are typically 16%—63% lower than those in croplands
and grasslands. The relationships between peak height of stratified RRDs and dominant land cover or forest
fraction are rather insensitive to forest cover class boundaries, the binning strategy used to group catchments,
antecedent streamflow classes, and the temporal resolution of data (Figures S5-S7 in Supporting Information S1).

Multiple linear regression of peak height of stratified RRDs shows that a 1-standard-deviation change in forest
fraction has an effect on peak runoff response that is ~5-15 times larger than the effect of a 1-standard-deviation
change in aridity (Table S2 in Supporting Information S1). In other words, after stratifying RRDs by antecedent
streamflow, the influence of climate becomes weak and the influence of forest cover becomes dominant
(Figures 2i-2t and Table S2 in Supporting Information S1).

The effects of land cover on runoff response become even clearer in the stratified RRDs averaged across all
catchments in each dominant land cover group (Figure 3). For the same antecedent wetness condition, forested
catchments have lower response peak heights than cropland and grassland catchments do. The evergreen nee-
dleleaf forest catchments have the lowest peak heights, followed by the mixed forest and deciduous broadleaf
forest, while the cropland and grassland catchments have the highest peak heights. Time to peak shows no
systematic differences between the forested and non-forested catchments but the recession tends to be less steep in
forested catchments, reflecting their frequently higher baseflows (e.g., Hall et al., 2022; Krishnaswamy
et al., 2013; Price et al., 2010). The time to peak of stratified RRDs also shows little variation with forest cover
fraction or land cover classes (Figure S8 in Supporting Information S1). This suggests that even under similar
climatic conditions (i.e., when the confounding effects of climate are minimized), variations in time to peak are
primarily driven by factors other than land cover.

The volume of runoff generated per unit of rainfall often increases more than proportionally with precipitation
intensity (Kirchner, 2024a). Precipitation frequency curves for the four dominant land covers show that, for
recurrence intervals greater than approximately 100 hr, precipitation intensity are typically lowest for evergreen
needleleaf forests, while rainfall intensities tend to be highest for the cropland, grassland, and mixed forest
catchments (Figure S9 in Supporting Information S1). This suggests that the low peak heights of stratified RRDs
for evergreen needleleaf forests may be partly attributed to their relatively low precipitation intensity, rather than
the effects of above- and below-ground forest characteristics alone. However, the precipitation intensity for
cropland and grassland catchments is nearly identical to that for mixed forests across all recurrence intervals, but
the peak heights of stratified RRDs in mixed forests are typically 26%—45% lower (Figures 21, 2p, and 2t). This
indicates that differences in precipitation intensity are unlikely to be the primary cause of the observed differences
in peak runoff response across the four land cover types.

Compared to empirical methods that do not consider antecedent wetness, stratifying the RRDs by antecedent
wetness conditions more effectively reveals the influence of forest cover on runoff response. However, this does
not imply that total forest fraction or dominant land cover is the only factor explaining site-to-site differences in
runoff response. Peak heights of stratified RRDs are more strongly associated with soil conductivity (Spearman
p=-—0.30, —0.46, and —0.41 for the three antecedent wetness ranges) than with forest cover fractions (p = —0.23,
—0.38, and —0.28) (Figure S10 in Supporting Information S1; p-values all <0.001), but note that forests them-
selves also affect soil conductivity (see Section 3.4 below). Catchments with smaller areas, lower mean slopes,
and lower geological permeability also tend to have greater RRD peak heights (Figure S9 in Supporting Infor-
mation S1), but these correlations are weaker than those with forest cover or soil conductivity.
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Figure 3. Runoff response distributions (RRDs) for the four dominant land cover types stratified by the three antecedent
wetness conditions (Q,,). (a—c) RRDs for the condition of Q,,,, < 0.05, 0.05-0.15, and >0.15 mm hr™!. For each antecedent
wetness condition, each curve represents the average RRD across all catchments sharing a dominant land cover. Shaded areas
indicate standard errors. For comparable antecedent wetness conditions, cropland and grassland catchments have the highest

response peak height, followed by the deciduous broadleaf forest and mixed forest catchments. Evergreen needleleaf forest
catchments have the lowest response peak height.

3.4. Potential Mechanisms of Forest Cover Effects on Runoff Response Peaks

Several mechanisms may cause forests to dampen runoff response peaks. First, forests tend to have more
conductive soils because tree leaves, root systems (both living and dead), and soil fauna contribute to the
development of soils that are rich in organic matter and have low bulk density, high macroporosity, and high
saturated hydraulic conductivity (Greenwood & Buttle, 2014; Lozano-Baez et al., 2019; Neary et al., 2009, Figure
S3 in Supporting Information S1 shows this also applies to our data set). The higher saturated hydraulic con-
ductivity of forest soils enhances infiltration and reduces surface runoff (Germer et al., 2010; van Meerveld
et al., 2021; Zimmermann et al., 2006, 2010). In addition, forest soils often have high water retention capacities
(Bachmair et al., 2009; Neary et al., 2009; Pirastru et al., 2013). Greater soil water storage means that larger
rainfall amounts are required to generate flood-producing runoff (Merz & Bloschl, 2003). For the same rainfall
conditions, catchments with higher storage capacity thus tend to have lower peak flows.

Canopy storage and interception losses also reduce runoff (Floriancic et al., 2023; Keim et al., 2006; J. Liu
et al., 2018). Interception losses result in the effective precipitation reaching the ground (and not lost to canopy or
litter layer interception) being less than the “open rainfall” that is used in our analyses. This may help explain why
the lowest response peak heights are observed for evergreen needleleaf forests (Figures 2 and 3), as they are
known to have higher canopy interception losses than the other forest types, croplands, or grasslands (Grundmann
et al., 2024; Miralles et al., 2010; Yue et al., 2021; C. Zheng & Jia, 2020; Zhong et al., 2022).

4. Conclusions

Our analysis demonstrates that land cover exerts a measurable and systematic influence on the peak runoff
response once climatic effects are taken into account through the use of antecedent wetness classes (as quantified
by antecedent streamflow). Across 252 U.S. catchments, we find that increasing forest cover is associated with
lower runoff response peaks, with forested catchments exhibiting peak responses 16%—63% lower than those
dominated by cropland or grassland under comparable wetness conditions. By largely disentangling land-cover
effects from climate effects, our approach reveals the moderating (but not dominant) roles of forests on runoff
peaks, which are often obscured in large-sample studies.
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