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Abstract

As the atmosphere warms, precipitation events are becoming less frequent but more

intense. A three-year experiment in Kruger National Park, South Africa, found that fewer,

more intense precipitation events encouraged woody plant encroachment. To test whether

or not these treatment responses persisted over time, here, we report results from all five

years of that experiment. Grass growth, woody plant growth, total fine root number and area

and hydrologic tracer uptake by grasses and woody plants were measured in six treated

plots (8 m by 8 m) and six control plots. Treatment effects on soil moisture were measured

continuously in one treated and one control plot. During the fourth year, increased preci-

pitation intensity treatments continued to decrease water flux in surface soils (0–10 cm),

increase water flux in deeper soils (20+ cm), decrease grass growth and increase woody

plant growth. Greater root numbers at 20–40 cm and greater woody plant uptake of a hydro-

logical tracer from 45–60 cm suggested that woody plants increased growth by increasing

root number and activity (but not root area) in deeper soils. During the fifth year, natural pre-

cipitation events were large and intense so treatments had little effect on precipitation in-

tensity or plant available water. Consistent with this effective treatment removal, there was

no difference in grass or woody growth rates between control and treated plots, although

woody plant biomass remained higher in treated than control plots due to treatment effects

in the previous four years. Across the five years of this experiment, we found that 1) small

increases in precipitation intensity can result in large increases in deep (20–130 cm) soil

water availability, 2) plant growth responses to precipitation intensity are rapid and disap-

pear quickly, and 3) because woody plants accumulate biomass, occasional increases in

precipitation intensity can result in long-term increases in woody plant biomass (i.e., shrub

encroachment). While results are likely to be site-specific, they provide experimental evi-

dence of large ecohydrological responses to small changes in precipitation intensity.

Introduction

Extensive efforts have been made to understand how increases or decreases in total precipita-

tion, as a result of climate change, will affect hydrologic cycles and plant growth [1]. Yet, a

more widespread projection of global climate models is that precipitation intensity will

increase while total precipitation will remain unchanged [2–4]. More specifically, because the
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water-holding capacity of air increases by roughly 7% per degree Celsius, it is not unreasonable

to expect that precipitation events will become less common but on the order of 25% larger

over the next century [3, 5, 6]. Recent observational evidence supports these predictions [7, 8].

Despite the pervasiveness of this projection, experiments testing the effects of precipitation

intensity remain limited [9–11]. This is an important gap in understanding because terrestrial

productivity, agricultural production, wildfire regimes and biosphere-atmosphere interactions

in general are likely to be determined, at least in part, by vegetation responses to changes in

precipitation intensity [1, 2, 12].

Semi-arid ecosystems cover over a third of the earth’s surface, produce 30–35% of terrestrial

annual net primary productivity (ANPP), support 30% of human populations and most live-

stock [12, 13] and are particularly sensitive to changes in precipitation intensity [14–16].

Grasslands are common in semi-arid areas and grassland production has been found to be

sensitive to changes in precipitation intensity and timing [12, 17]. Shrublands and savannas

are also common in semi-arid areas, but less is known about the role of precipitation intensity

in semi-arid ecosystems with woody plants. This is an important gap in understanding because

over the past 50 years, many semi-arid ecosystems have realized 200 to 1000% increases in

woody plant abundance [13, 18, 19]. Fire suppression, increased atmospheric CO2 concentra-

tions and decreased grazing have all been suggested encourage woody plant encroachment

[18, 20]. A less well recognized and tested explanation for woody encroachment is that more

intense precipitation patterns ‘push’ water deeper into the soil providing a competitive advan-

tage to plants with deeper rooting patterns (i.e., woody plants) [18, 21–23].

Experimental tests of the effects of precipitation intensity are important because ecohydro-

logical models suggest that ecosystem responses may be very sensitive to precipitation intensity

[14, 21, 24]. For example, small increases in precipitation intensity may increase plant produc-

tivity by decreasing interception and evaporation [25]. Alternatively, large increases in precipi-

tation intensity may decrease plant productivity due to overland flow or deep soil infiltration

[24, 26]. Further, factors such as soil type, slope and plant root distributions may also affect

plant and water responses to changes in precipitation intensity [27, 28]. Consistent with this

understanding of water cycling, aboveground net primary productivity has been found to

increase with precipitation intensity in arid grasslands, but decrease with precipitation inten-

sity in mesic grasslands [25]. While a handful of studies do support our understanding of pre-

cipitation intensity in North American grasslands, there remains a recognized need for

experiments to test the aboveground and belowground effects of increased precipitation inten-

sity in sites with both woody plants and grasses [2, 11, 29, 30]. Further, there is recognized

need for multi-year experiments because many of the precipitation intensity experiments that

have been performed to date have been limited to single growing seasons [2, 11, 29, 31].

Our objective was to measure both aboveground and belowground responses to increased

precipitation intensity in a savanna ecosystem over a five year period. We hypothesized that

increased precipitation intensity would ‘push’ water deeper into the soil resulting in increased

growth of deeply rooted plants (i.e., woody plants) and no response or a negative response of

shallow-rooted plants (i.e., grasses). This hypothesis is consistent with previous results, but it

was not clear from the first three years of the experiment if positive woody plant growth

responses would increase or decrease over time or if grasses would increase growth by increas-

ing rooting depths to better use deeper soil water over time. To test woody plant and grass

responses to precipitation intensity, we used a shelter experiment that collected 50% of ambi-

ent precipitation and re-deposited that precipitation as relatively large, intense 10 mm events,

Kruger National Park, South Africa. Soil moisture, grass growth, tree growth, root image anal-

yses and a hydrologic tracer experiment (used to measure plant water uptake) were used to

assess ecosystem responses to increased precipitation intensity treatments. Results from the
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first three years of the experiment were reported previously [32]. The experiment was main-

tained for an additional two years and here we report all results from the full five years of the

experiment.

Materials and methods

Study site

Research was conducted in the Cape Buffalo enclosure located near the Satara Rest Camp,

Kruger National Park, South Africa (24˚24’18.30” S, 31˚44’52.81”E [33]). Research was

approved by South African National Parks and Kruger National Park under project registra-

tion number 213896412. Mean annual precipitation is 547 mm, with 356 mm falling Decem-

ber through March (Fig 1; S1 Fig). High radiation values of roughly 18 MJ day-1 result in high

potential evapotranspiration of roughly 1700 mm yr-1 [34, 35]. Climate projections for the

region suggest that summer precipitation and precipitation intensity may increase [36, 37].

During the five treatment years in this study (2008–2013), annual precipitation was 459 mm,

654 mm, 473 mm, 388 mm, and 756 mm, respectively. Mean temperatures ranged from highs

of 40˚C in summer to 8˚C in winter. Soils are basalt-derived, dark brown to black pedocutanic

clay loams [38]. Common C4 grasses at the study site include Bothriochloa radicans (Lehm) A.

Camus, Panicum maximum (Jacq.), and Themeda triandra (Forssk.). Common woody plants

include the nitrogen-fixing shrub Dichrostachys cinerea subsp. africana (Brenan & Brummitt),

the tree Combretum imberbe (Warwa) and the shrub/tree Flueggea virosa (Roxb. Ex Willd.)

Voigt. T. triandra, D. sinerea, and F. virosa are common, widespread species in southern

Africa. Grass cover at a nearby site was approximately 47% and woody plant cover was approx-

imately 20% [39].

Experimental design

The experimental design is described elsewhere [32]. Briefly, at the end of the pre-treatment

growing season (2007/2008), six 8 m by 8 m by 2.5 m shelters constructed of a steel frame and

clear, polycarbonate plastic roofing were erected [33]. Roofing sheets, 13.3 cm wide, covered

half the roof and collected 50% of ambient precipitation. The remaining 50% of ambient

Fig 1. Long-term average (dashed lines) and observed (solid lines) monthly precipitation for Satara Rest Camp,

Kruger National Park, South Africa. Treatments were installed March 2008 and ended June 2013. Dates are shown in

month-year format.

https://doi.org/10.1371/journal.pone.0175402.g001
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precipitation fell directly on experimental plots. Collected precipitation was stored in four,

200-L barrels in each shelter. When full, a self-flushing flout mechanism released 10 mm of

water over 10–15 minutes through a drip irrigation system that was 60–100 cm above the

ground [32]. Treatments were necessarily triggered by natural precipitation events so treat-

ment events only occurred on days with natural precipitation, though treatments were likely

to change the timing of large events. Approximately 40% of natural daily precipitation events

at the site were historically 10 mm or larger, so treatments represented a relatively small

increase in precipitation intensity. Treated plots were paired with untreated plots without

roofs [32]. To be clear, throughout the experiment, treatments collected ambient precipitation

and deposited that precipitation as relatively large, intense 10 mm events. As a result, total pre-

cipitation each year was the same in treated and control plots. Treatment responses were mea-

sured during the 2008/2009, 2009/2010, 2010/2011, 2011/2012 and 2012/2013 growing seasons

(henceforth, Years ‘1’ through ‘5’, respectively). The site was flat and overland flow was not

observed.

Soil moisture. Soil moisture was measured at eight depths (5, 10, 20 30, 50, 75, 100 and

130 cm) in one treated and one control plot. Measurements were taken hourly during the

growing season and every three hours during the winter. Soil water potential was measured

using individually-calibrated heat-dissipation sensors (Campbell Scientific 229 sensors, Logan,

UT, USA [32]). Heat dissipation sensors were assumed to measure water potential because

salinity was low and osmotic potential was assumed negligible [34]. Soil water was assumed to

be plant available (i.e., PAW) at or above water potentials of -3 MPa. A common midday leaf

water potential measured using the chilled mirror technique (WP4T, Decagon Devices, Pull-

man, USA) at our study site was -2.5 MPa, so -3 MPa was used as a more conservative estimate

of PAW [39]. Water potential values were converted to volumetric content using a site-specific

soil characteristic curve [38]. PAW calculations were not sensitive to the use of a water poten-

tial values close to -3.0 MPa because there is only a small difference in water content (i.e., 0.008

g g-1) between -3.0 MPa and -2.5 MPa [39]. PAW values are used to describe both the pools

and fluxes of soil water. Average PAW by depth is reported (S2 Fig), but average PAW values

do not distinguish widely variable pools from stagnant pools. For example, a surface soil pool

may be wet one day and dry the next, while a deeper soil pool may remain damp both days. In

this case, average PAW may be the same at both depths even though more water may have

become available at the shallow depths. To provide a better estimate of the soil water that

became available at each soil depth, we report the sum of positive PAW increments as PAW

flux. For example, if a soil depth contained 0.10 cm cm-1 of PAW in one time step and 0.15 cm

cm-1 of PAW in the next time step, then a positive increment of 0.05 cm cm-1 was recorded.

This value reveals how much water became available in a soil depth through the year. Gravi-

metric water contents were converted to volumetric values using soil bulk densities (S1 Table).

Aboveground growth (grass). A disc pasture meter (DPM) measured bulk grass height in

treated and control plots [40]. DPM measurements were taken approximately four times

annually on 20 or 40 subplots spaced evenly on a grid in each plot (depending on the year).

Total grass biomass was harvested and weighed at the end of the second, third and fifth grow-

ing seasons. During each biomass harvest, a randomly-selected subsample of about 20, 200 g

wet samples from each plot was weighed, dried and re-weighed to develop a dry weight con-

version factor which was applied to the remaining wet-collected grass from the plot. Prior to

treatments, there was no difference in grass height between control (4.4 ± 0.2 cm) and treated

(4.2 ± 0.2 cm) plots [32].

Aboveground growth (woody plant). Sixty woody plants and shrubs (five per plot) were

outfitted with small-diameter dendrometer bands (Agricultural Electronics, Tucson, AZ,

USA), which were used to measure woody plant circumference increment since last collection
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date. Across plots, 40 D. cinerea shrubs, 9 C. imberbe trees, 5 Albizia havein (E. Fourn) trees, 4

F. virosa shrubs, 1 Acacia nigrescens (Oliv. P. J. H. Hurter) tree and 1 Sclerocarya birrea (A.

Rich Horscht) tree were sampled. All individuals were between 1.8 and 3.1 m tall and stems

were between 2.0 and 6.8 cm wide at the start of the experiment. Prior to treatments, stem

diameters were similar in control (32.8 ± 3.7 mm) and treated plots (36.6 ± 3.7 mm). Similarly,

circumference growth increment was similar in control (4.0 ± 0.3 mm) and treated plots

(4.2 ± 0.2 mm). Growth in circumference increment of shrubs (4.0 ± 0.2 mm) and trees

(4.3 ± 0.3 mm) were also similar prior to treatments. Hereafter, data from woody plants (trees

and shrubs) will be referred to as woody plants for simplicity. Data from woody plants that

died during the study were removed because dendrometer installation appeared to damage

some woody plants. Dendrometer data was collected approximately four times per year.

Plant root responses (rhizotron). Two-meter-long, clear, cellulose acetate butyrate tubes

were installed at a 30˚ angle in each plot to a vertical depth of roughly 75 cm. Fifty root images

(15x magnification) were taken on each of 13 sampling dates from Years 2 through 5 using a

BTC-100x video microscope camera (Bartz Technology Co, Carpentaria, CA, USA). The num-

ber, diameter, and length of plant roots in each 12.5 by 18 mm minirhizotron ‘window’ in each

plot on each sampling date was assessed using RootFly software (Birchfield and Wells, Clem-

son University, Clemson, SC, USA)[41]. Root area was calculated as the maximum root length

times the maximum root width for each root. Root number and area data from images taken

over 6.25 cm vertical increments were averaged prior to analyses.

Plant root responses (tracer experiment). To measure vertical patterns of water uptake

by grasses and trees in treated and control plots, a tracer experiment was conducted during

year Four. Five treated and five control plots were randomly assigned to a target depth (5, 15,

30, 45, and 60 cm) for an early-season (December 2011) and a late-season sampling (April

2012). In each plot, 2,844 pilot holes were drilled to the assigned depth in a 15 cm by 15 cm

grid. Two ml of 70% D2O tracer (70% deuterium, 30% hydrogen; Cambridge Isotopes, MA,

USA) followed by two ml of tap water was injected into each hole using custom needles

(16-gauge, thin-wall hypodermic tubing; Vita Needle, Needham, MA, USA), after which each

pilot hole was refilled with soil and left for two days [42, 43]. Following the injection and

uptake period, non-transpiring grass and woody plant samples were collected in the plots.

Grass samples were composited by species so that each sample included plant material from

several individuals. Woody plant samples were composited by species and each sample

included plant material from several twigs from one to three individuals.

Results from 100 samples from the early-season sampling were published previously [32].

Here we report results from 600 samples from the early- and late-season campaigns. This

experiment represented the first time plots were reused in a depth-controlled tracer experi-

ment so it was important to determine if tracer from the first injection persisted in the second

injection. To test whether tracer remained in the previously injected depth and to confirm the

depth of the new tracer injections, isotope concentrations were measured in soil samples taken

one week after injection.

All soil and plant samples from the tracer experiment were immediately sealed with plastic

paraffin film in custom-made glass tubes and transported on ice to a freezer within 6 hours.

Water was extracted from soil and plant samples by cryogenic distillation within two weeks of

sampling, and shipped directly to cold storage [44]. Samples were refrigerated at 4˚C until

November 2015, where they were analyzed using a cavity ringdown spectrometer (CRDS—

Picarro Instruments, Santa Clara, CA, USA). The 100 samples analyzed in 2012 for a previous

study were re-analyzed in 2015 for this study and isotope values were highly correlated (R2 =

0.97; S3 Fig) indicating that evaporative enrichment had not occurred during sample storage.
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Data analyses and statistics

Precipitation and soil moisture. Daily precipitation was collected at the Satara Rest

Camp (3 km from the study site) and used to describe precipitation in control plots. Using

these data in a ‘tipping bucket’ model to estimate precipitation in treated plots, half the daily

precipitation was assumed to land on the plots and half of daily precipitation was assumed to

be collected in tanks and deposited once the equivalent of 10 mm of water was collected [45].

We report the number of days with precipitation events greater than 2 mm because events less

than 2 mm are likely to be lost to interception and evaporation [46]. Both precipitation and

PAW data are reported, but not tested statistically because they are taken from one sample.

Aboveground growth analyses. Disc pasture meter and woody plant circumference data

were analyzed using linear mixed models with a two-way factorial design. For DPM (cm grass

height), we used a split plot in time design. For woody plant circumference increment (mm),

we used a randomized design with repeated measures. In both cases, fixed effects were treat-

ment (control or increased intensity), date, and the interaction of treatment and date, and plot

was a random effect. Time was considered a fixed effect because we were concerned with how

our precipitation treatment affected grass, woody plant, over the course of the end of the

study. Data were averaged by plot and date, and square root transformed prior to analysis to

better meet assumptions of normality.

Grass biomass data (g m-2) were analyzed using a linear model with a two-way factorial in a

completely randomized design with repeated measures. Fixed effects were treatment (control

or increased intensity), date, and the interaction of treatment and date, and plot was a random

effect. Time was considered a fixed effect because we were concerned with how our precipita-

tion treatment affected grass, woody plant, over the course of the end of the study. Data were

log-transformed prior to analysis to better meet assumptions of normality.

Plant root analyses (rhizotron). Root number and area were analyzed by depth using a

linear mixed model. Values were log transformed prior to analysis to meet more adequately

assumptions of normality. The fixed effect was treatment and random effects were plots and

depth within plots. Data from each year were analyzed separately. Post-hoc pairwise mean

comparisons were made to detect differences by treatment and depth using the false discovery

rate method to adjust P values for Type I error.

Plant root analyses (tracer experiment). Isotope concentrations of plant and soil water

samples from the spectrometer were calibrated to standards of known concentration using

Picarro Chemcorrect software and reported in delta (δ) notation [42]. To control for natural

isotopic enrichment, for example due to evaporation, the deuterium excess relative to 18O

(Dexcess) was calculated:

Dexcess ¼ D � ðð8�18OÞ þ 10Þ

where D is the calibrated deuterium value (per mil) for a given sample, and 18O is the cali-

brated 18O value for the same sample [39, 47]. Dexcess in plant samples were used to calculate

the proportion of tracer uptake by depth. Proportion and not concentration data were used to

control for differences in tracer concentrations among plant species due to traits such as stored

water volume [43]. Proportional uptake by depth was calculated for each treatment and func-

tional group (i.e., 5 cm, control, grass). Proportion of tracer uptake for each sample (Pdi) was

calculated as:

Pdi ¼
Si � C

Pj
aðSd � CÞ

where Si is the Dexcess value for each sample, C is the mean Dexcess value from control samples,
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Sd is the mean Dexcess value of samples from a soil depth α through j (i.e., d or 5 cm). Mean Pdi

values by depth are reported. This calculation produces a proportion uptake value for every

sample [39, 48]. Finally, each value was converted to a per-cm value by dividing the proportion

uptake for a sample by the number of cm that sample represented. For example, samples from

the five cm injection depth represented plant uptake from zero cm to 10 cm (i.e., half of the

increment from the five cm injection to the 15 cm injection). This allowed an estimate of the

depth at which 50% uptake occurred [39].

To test whether or not tracer was injected to target depths and whether or not tracer from

the first campaign was present during the second campaign, we measured tracer concentration

in the soil by depth in all plots. To test for differences in tracer concentration among plots,

sample depth was standardized:

S ¼ dn � dp

where S is the standardized depth increment, dn is the depth from which the sample was taken,

and dp is the pulse injection depth (i.e., a sample from 5–10 cm where injection depth was 5

cm became 0–5 cm). This allowed us to compare uptake proportions by soil depth for each

plot. Proportions were calculated as:

P ¼
Dexcess

Dtotal

where Dtotal is the summed Dexcess across all samples in a given plot date. Proportions were

averaged at each depth across all plots for both campaigns. Proportional tracer uptake by

depth was meant to peak at 0 cm after standardization. Differences in tracer concentration

among depths were tested using a one-way linear mixed model with a first order autoregres-

sive covariance structure to accommodate spatial autocorrelation among depths. Data were

log transformed prior to analysis to better meet assumptions of normality.

Because there was only one plot assigned to each target depth, results from this tracer ex-

periment do not provide inference to water uptake on the landscape. Rather, results provide

inference only to the plots in this experiment. Samples within plots, therefore, were used as

replicates of each experimental plot. Plant-derived tracer data was grouped by injection cam-

paign (early- or late-season), functional group, and treatment. Data were analyzed using a lin-

ear mixed model with fixed effects of treatment type, depth, and the interaction of treatment

and depth. All statistical analyses were performed in SAS JMP 9.4 (SAS Institute, Inc., Cary,

NC, USA). Differences are considered significant at the α = 0.05 level throughout.

Results

Precipitation and soil moisture

Across the five years of treatments, there were 145 and 125 days with precipitation (> 2mm)

in control and treated plots, respectively (Fig 2A). Average daily precipitation (> 2 mm) was

18.9 and 21.8 mm in control and treated plots, respectively (Fig 2B). Thus, treated plots

received 17% fewer days with precipitation, but those days deposited 16% more precipitation

than in control plots; total precipitation was the same in control and treated plots. In Years

1–5, mean precipitation on days with precipitation (>2mm) was 16, 13, 16, 27 and 11% larger

in treated than control plots (Fig 2B; S1 Fig). Across the experiment, control and treated plots

received 74 and 87 days with precipitation > 10 mm, respectively. Consistent with this, PAW

flux was 42, 68, 102, 27 and 27% greater in treated than control plots for Years 1–5, respectively

(Fig 3B–3F). In contrast, PAW flux was 20% smaller in treated than control plots in the pre-

treatment year (Fig 3A). Results for PAW were similar (S2 Fig). Again, ‘PAW flux’ indicated
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the sum of positive increments of plant available water while ‘PAW’ was the average amount of

plant available water. These measures were used to distinguish the amount of water flowing

through a soil depth from the amount of water available in a soil depth (i.e., the flux from the

pool).

Aboveground growth

Grass. DPM measurements were greater in control than treated plots on several dates in

Years 1, 2 and 3 and one date early in Year 4 (Fig 4). Grass biomass was not different in control

(185 ± 7 g m-2) and treated plots (162 ± 14 g m-2; P> 0.05).

Woody plant. Circumference increment was greater in treated than control plots in Years

3 and early in Year 4 (Fig 5). This resulted in 16% greater cumulative circumference increment

in treated than control plots by the end of Year 5 (Fig 5B).

Root growth

During the 13 sampling dates (Years 2 through 5), 27,717 roots were identified. For root num-

ber, an interaction between treatment and depth was found in Year 2, 3 and 5 reflecting greater

root numbers at 20–40 cm depths in treated than control plots (Fig 6A). No difference was

detected in Year 4. In contrast, there was no difference in root area between treated and con-

trol plots in any year.

D2O tracer. Across treatments, 197 grass samples, 316 woody plant samples, and 87 soil

samples were analyzed for isotope concentrations. The large majority of tracer was found

within ±5 cm from the target depth (Fig 7).

Grass uptake. There was no difference in tracer uptake between treated and control plots

at any soil depth either early- or late-season (Fig 8A–8B). In the early season, 50% of grass

uptake occurred in the top 8 and 10 cm in control and treated plots, respectively. In the late

season, 50% of tracer uptake was deeper and occurred in the top 45 and 41 cm, respectively.

Woody plant uptake. Early-season woody plants in treated plots absorbed less tracer

from 5 cm and more tracer from 45 cm than woody plants in control plots (Fig 8C). Late-sea-

son Woody plants in treated plots absorbed less tracer from 45 cm and more tracer from 60

Fig 2. Treatment effects on (a) the distribution of daily precipitation (days with > 2 mm) in treated and control plots and

(b) mean daily precipitation (days with > 2mm) across the five years of the experiment. Broadly, treatments, decreased the

number of days with precipitation by 17% and increased the amount of daily precipitation by 16%.

https://doi.org/10.1371/journal.pone.0175402.g002
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cm than woody plants in control plots (Fig 8D). Early-season, 50% of woody plant uptake

occurred in the top 12 and 29 cm in control and treated plots, respectively. Late-season, 50%

of tracer uptake was deeper and occurred in the top 28 and 45 cm in control and treated plots,

respectively.

Fig 3. Annual plant available soil water (PAW) that moved (flux) through the soil in one treated and one control

plot for the (a) pretreatment and (c-f) subsequent five treatment years. Water was assumed plant available whenΨ>
-3 MPa. Values represent the sum of positive increments of PAW across each growing season. Note the larger scale

during the last season (f). Broadly, treatments, which increased precipitation intensity but not amount, increased deep soil

water but did not increase surface (i.e., 5 cm) soil water.

https://doi.org/10.1371/journal.pone.0175402.g003
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Discussion

Results from Years 1 through 3, reported previously [32], revealed that small increases in pre-

cipitation intensity ‘pushed’ water deeper into the soil profile, decreased grass growth and

increased woody plant growth. Here we report results from an additional two years of the

same experiment (i.e., Years 4 and 5). During Year 4, treatments continued to increase precipi-

tation intensity, increase deep plant available water, decrease grass growth and increase woody

growth. During Year 5, most natural precipitation events were greater than 10 mm. As a result,

experimental treatments that deposited precipitation as 10 mm events had little effect on plant

available water. During this last year of the study, when treatments effectively stopped, differ-

ences in grass and woody growth between treated and control plots disappeared. However,

because woody plants can accumulate biomass, they remained 16% larger in treated than con-

trol plots at the end of the experiment. Much of this response was caused by large woody plant

growth in Year 3 when treatment effects on soil water were greatest. Broadly, results showed

that small increases in precipitation intensity can cause large increases in soil water availability

that are likely to benefit woody plants in savannas.

During the five seasons of this study, 39% of daily precipitation values were greater than

10 mm in control plots. Thus, treatments, which deposited 10 mm of water, did not create

extreme precipitation events. Rather, treated plots received, on average, 22 mm of precipitation

on 125 days, while control plots received 19 mm of precipitation on 145 days (all plots received

the same total amount of precipitation; Fig 2). Treatment effects of this magnitude (16% larger

daily precipitation) are likely to be realized in the coming decades [2–6]. Despite modest ef-

fects on precipitation event size, treatments caused surprisingly large increases in soil water

infiltration and availability [21, 24].

Rapid grass responses to treatments provided insight into interactions between grasses

and woody plants. The fact that grass growth was smaller in treated plots during the first two

years of the experiment, prior to an increase in woody plant growth, suggested that grasses

responded directly to soil water availability and not indirectly as a result of competition from

Fig 4. Grass height measured using a disc pasture meter (DPM) in treated plots with increased precipitation

intensity (dashed lines, open circles) and control plots with ambient precipitation intensity (solid lines, filled

circles). Vertical dotted lines separate growing seasons. Mean ± 1 S.E. shown. Significant differences between

treated and control averages are denoted with an asterisk (α = 0.05).

https://doi.org/10.1371/journal.pone.0175402.g004
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woody plants. Similarly, the fact that grass growth did not differ between treated and control

plots during the last year of the experiment suggested that the greater woody plant biomass

that had accumulated in treated plots had little effect on grass growth. This is consistent with

previous research in Kruger National Park that has shown little competitive effect of woody

plants on grasses [33]. Recent studies in Kruger have found that grasses obtain roughly 50% of

their soil water from the top 15 cm [39, 42, 43], so the decrease in grass growth observed in

treated plots was likely caused by a decrease in water flux in surface soils (Fig 3).

In contrast to grasses, woody growth increased in treated plots. This is consistent with

recent studies which have found that woody plants rely on water just below that used by

grasses (i.e., 15–30 cm)[39, 42, 43]. Woody growth responses were largely constrained to Year

3, which had the greatest increase in deep soil water availability. The fact that treatment effects

Fig 5. Circumference increment (a) and cumulative circumference increment (b) of woody plants in treated plots with

increased precipitation intensity (dashed lines, open circles), and control plots with ambient precipitation (solid

lines, filled circles). Vertical dotted lines separate growing seasons. Mean ± 1 S.E. shown. Significant differences between

treated and control averages are denoted with an asterisk (α = 0.05).

https://doi.org/10.1371/journal.pone.0175402.g005
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on woody growth disappeared quickly at the end of Year 4 suggested a minimal-intensity

threshold for woody plant responses rather than a long lag time for woody plant responses to

treatment. It should be noted that all of our woody plant samples were from small trees or

shrubs so our inference on the response of large trees is limited. Similarly, we do not know the

age of the sampled woody plants so we have no inference on the effects of age or size on woody

plant responses to treatments. However, there is reason to believe that responses observed in

this study will apply to a wide range of woody plants because recent isotope tracer experiments

Fig 6. Number of roots (a-d) and root area (e-g) by depth in treated (dashed lines, open circles) and control plots (solid

lines, filled circles) during Year 2 (a, e), 3 (b, f), 4 (c, g) and 5 (d, h) years of the study. Root number is the sum of the number of

roots in five 12.5 by 18 mm windows. Root area is the mean root area (mm2) in the same five windows. Mean ± 1 S.E. Asterisks

indicate differences between treated and control values at the α = 0.05 level.

https://doi.org/10.1371/journal.pone.0175402.g006
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in Kruger Park have shown that even one-year old saplings can realize deeper rooting patterns

than large, mature trees [42].

Root analyses helped explain grass and woody responses to increased precipitation inten-

sity. Root image analyses revealed greater root numbers in the 20–40 cm depths in treated

than control plots. Several hydrologic tracer studies in Kruger Park suggest that woody plants

often demonstrate maximum root activity in these depths [39, 42, 43]. Greater root numbers

in treated soils is consistent with the idea that plants were ‘foraging’ for the additional water

that became available in treated plots. However, plant available water increased through much

of the soil profile, yet root number increased only in the 12.5–25 cm depths. An emphasis by

plants on root production in relatively shallow soils is consistent with the minimum rooting

depth hypothesis [49]. The fact that root number but not root area increased with treatments

suggested that plants relied on changes to the number and location of fine roots and not

changes in total root area. It should be noted that grasses dominate root production in this sys-

tem [50]. As a result, root image data likely primarily reflected grass and not woody responses.

To provide a better understanding of woody root activity, we performed a tracer injection

experiment. We are aware of only one study that has combined depth-specific tracer data with

root image analyses and that study included 100 tracer samples and two years of root image

data [32]. Analyses here used 600 tracer samples and four years of root image data. The tracer

experiment was performed in Year 4 when treatments had small effects on plant available

water. Consistent with this small treatment effect, root number, root area and grass tracer

uptake did not differ between treated and control plots. Tracer data did, however, reveal that

woody plants absorbed less shallow and more deep water in treated than control plots in both

the early- and late-season samplings. The ability of woody plants to increase deep water uptake

presumably allowed them to take advantage of increased infiltration resulting from increased

precipitation intensity treatments even in a weak treatment season.

Fig 7. The proportion of tracer concentrations ([tracer]) relative to target injection depth. Positive

numbers on the x-axis indicate soil depths beneath the target injection depth, negative numbers indicate soil

depths above the target injection depth. Mean ± 1 S.E.

https://doi.org/10.1371/journal.pone.0175402.g007
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Semi-arid ecosystems are known to be highly sensitive to changes in the timing and amount

of precipitation [22]. Results from this experiment showed that even small increases in precipi-

tation intensity can result in large increases in plant available soil water and subsequent plant

growth [51]. More specifically, greater precipitation intensity can increase woody plant growth

Fig 8. The proportion of deuterium tracer uptake per cm in treated and control plots during the Fourth

year of the experiment. Results shown for grasses (a, b) and trees (c, d), in the early-season (a, c) and late-

season (b, d). Treated plots indicated with dashed lines, open circles and control plots indicated with solid

lines, filled circles. Mean ± 1 S.E. shown. Asterisks indicate significant differences at the α = 0.05 level at the

indicated depth.

https://doi.org/10.1371/journal.pone.0175402.g008
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by driving water deeper into the soil where it is less available to grass roots [30]. Our study pro-

vides evidence that savannas respond quickly to small increases in mean precipitation inten-

sity, but because woody plants can accumulate the effects of these short-term benefits, that

occasionally intense precipitation events caused by climate change are likely to increase shrub

encroachment at least until these effects interact with factors such as fire and herbivory [23].

This study was performed in a savanna with fairly level clay soils and roughly 540 mm of

summer-dominated precipitation. It is likely that treatment responses will differ in sites with

sandy soils, greater precipitation or steeper slopes [33]. Further experiments in a range of con-

ditions will be needed to better parameterize ecohydrological models that can be used to simu-

late and predict savanna responses to increased precipitation intensity [30, 39]. Similarly,

longer-term experiments and different modeling approaches are likely to be needed to under-

stand interactions between climate-driven effects on grass and woody growth and longer-term

processes such as fire and herbivory [23].
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