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Abstract

Variability of ephemeral resources provided by woody plants is related to fluctuating environ-
mental conditions, specifically the predominant climate variables temperature and rainfall.
Photoperiod has less impact but also plays a role in the onset of resource pulses. In the sea-
sonally affected bushveld of southern Africa, declining resources could have dire conse-
quences to various animals that depend on these resources. Understanding the impact that
rainfall, temperature and photoperiod has on woody plant resources allows managers of
natural areas to plan for times when resources are scarce. Using a series of General Linear
Models, this baseline study investigates the effects that these variables have on flower pro-
duction, numbers of new fruit/pods and numbers of new leaves for 113 tagged trees from 26
woody plant species. Leads, lags and coincidental relationships observed between environ-
mental predictor and phenological response variables were explored using time-series
cross-correlations and concomitant correlograms. Model results indicated that temperature
was the predominant indicator for flowering, with initial flowering starting when temperatures
increase in September. A significant lead was observed between flowering and rainfall, sug-
gesting that flower numbers increase approximately one month before rainfall increases.
Temperature had the biggest effect on the number of species with new fruits and pods. Sig-
nificant lags were observed between new fruits and pods and all environmental variables
investigated, indicating that these resources depend on rainfall, temperature and photope-
riod to reach their full potential. Photoperiod, temperature and the interaction between these
variables had a noticeable effect on the number of species with new leaves. Peaks in spe-
cies with new leaves coincide with peaks in rainfall, temperature and photoperiod. No lead-
ing or lagging indicators were observed between new leaves and the environmental
variables investigated. In areas containing wildlife populations, recommendations are to
undertake regular monitoring of climatic variables investigated, and the ephemeral
resources on woody plant species.
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Introduction

Phenological studies investigate the timing of cyclic and seasonal natural phenomena and are
essential for determining how plant and animal species respond to changes in environmental
variables and, recently to climate change and global warming [1-5]. Current climate change
literature predicts changes to global temperatures which will have a direct impact on the inten-
sity and amount of precipitation that different areas experience [6], which in turn will affect
the production of resources on woody plant species [2, 7].

Plant phenology, for the purposes of this study, is the investigation of seasonal events result-
ing in changes to available plant resources including the abundance of flowers, new fruit/pods
and new leaves. These plant phenological events are related to various environmental factors
including, but not limited to, rainfall, temperature and photoperiod. Understanding phenolog-
ical events and their drivers provides important information about ecosystem functioning [1,
3, 8].

Changing temperatures and rainfall patterns affect resource availability for woody plant
species, influencing the temporal and spatial distribution patterns of animal species that
depend on these resources [1, 9, 10]. In temperate areas that have distinct wet and dry seasons,
the impact of changing temperatures and rainfall is pronounced [2, 7-11]. Temperature
increases and fluctuating rainfall affects plant life cycles in seasonal environments like the
southern African bushveld [11-13]. Shifts in plant life cycle events like flowering have disrup-
tive repercussions for animals that depend on particular plant life-cycle phases for their exis-
tence [14]. For example, shifting of seasons affect insect pollinators that emerge to take
advantage of flowers, and migrating birds that in turn arrive to exploit the insects.

In southern Africa, the majority of natural areas managed for biodiversity, including large
nature reserves and national parks, are located in the savanna biome, which is the most wide-
spread biome in Africa [15, 16]. Globally, savanna’s exhibit seasonality, with warm wet sum-
mers and cold dry winters [12, 15, 17].

Stocking rates and the variety of animal species that an area can sustainably support are
determined using dry season resource phenology estimates [18]. Wildlife conservation manag-
ers actively manage the areas that they are responsible for to prevent overstocking and the dele-
terious impact it could have on the environment. By virtue of their role as conservation
managers, monitoring resources is important for determining animal stocking rates to ensure
ecosystems remain viable and productive [19-22].

Despite the importance of phenology to biodiversity and wildlife conservation, only one
local study that investigated the impact of climate variables on phenology for two woody plant
species, over what appears to be a one year period, could be found from literature [23], indicat-
ing the general lack of research into this topic in southern Africa. The objectives of this base-
line study are to investigate the short-term seasonal effects of rainfall, temperature and
photoperiod on the numbers of selected woody plant species flowering, with new fruit/pods
and with new leaves at Loskop Dam Nature Reserve, South Africa. We examine data collected
over the first five years of an ongoing long-term study initiated in 2009. Our study focuses on
113 selected and tagged bushveld trees from 26 different woody plant species. The study had
no deleterious impacts to any plant or animal species.

Materials and methods

Study area

The study site was Loskop Dam Nature Reserve (LDNR), located 52 km north of the town of
Middelburg on the N11 national road to the town of Groblersdal in the Mpumalanga province
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Fig 1. Location of the LDNR within the Mpumalanga province of South Africa [25].
https://doi.org/10.1371/journal.pone.0251421.9001

of South Africa (Fig 1). The reserve is located between 29°15°00” and 29°40°00” East longitude
and 25°34°00” to 25°56°00” South latitude. The reserve is 23 175 ha in size and encompasses
the Loskop Irrigation Dam [24].

The reserve’s topography encompasses an incised plateau on higher lying areas comprised
of steep cliffs and a variety of slope types, which transition down to the dam through a combi-
nation of deep and relatively flat valley bottoms. Altitude ranges from 991 m to 1 420 m above
sea level [26]. Overall, the terrain is rugged and broken, attributing towards the heterogeneous
nature of the reserve’s vegetation [26].

Loskop Dam Nature Reserve is located in the savanna biome [16]. Savanna is described as
herbaceous vegetation with a graminoid lower layer and an upper layer of woody plants that
vary from sparse to 75% canopy cover [16]. Vegetation occurring on the incised plateau in the
reserve belongs to the Central Sandy Bushveld (SVcb 12) and the Loskop Mountain Bushveld
(SVcb 13) Vegetation Units, whereas vegetation occurring in the Olifants River valley belongs
to the Loskop Thornveld Vegetation Unit (SVcb 14) [16]. The vegetation of the reserve occurs
as a matrix of variation and transitions providing moderately good browsing to the wild ungu-
lates found on the reserve.

Undulating valley bottoms and sandy plains [16] characterize Central Sandy Bushveld.
Deep, well-drained soils support tall, deciduous woody plant species including Terminalia seri-
cea and Burkea africana. Broad-leaved Combretum sp. grow on shallow gravely soils. Various
Senegalia sp., Vachellia sp., Ziziphus sp. and Euclea sp. also occur in this vegetation unit.

Low mountains and ridges containing open tree savanna on lower-lying areas and a denser,
mostly broad-leafed tree savanna on lower- and mid-slopes [16] characterize Loskop Moun-
tain Bushveld. The wide diversity of plant communities in the area can be attributed to varia-
tions in geology, pedology and topography. Prominent species include Senegalia caffra and
Combretum apiculatum.
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Loskop Thornveld vegetation is characterized by valleys and plains of the upper Olifants
River catchment [16]. This vegetation unit is comprised of mostly open, deciduous to semi-
deciduous, tall, thorny woodlands. Several areas are dominated by Senegalia sp. and Vachellia
sp. that are utilised by browsing ungulates.

LDNR is located in a summer rainfall area with moderate to very hot summers and mild to
cold winters. Frost is common on mountain tops and in low-lying valley bottoms [26]. Due to
the broken topography of the reserve, there are noticeable local variations in microclimate.
Rainfall for Sourish Mixed Bushveld varies from 350 to 650 mm per annum [27]. The majority
of rainfall occurs in the summer season (November to April). Temperatures range from a min-
imum of -8°C to a maximum of 40°C, with an average of 21°C [27].

Field data collection

Monthly field trips were undertaken to LDNR for plant data collection over a 60-month period
from the beginning of May 2009 to the end of April 2014. The current study is part of a long-
term phenology project setup to determine the effects of climate variables on resource abun-
dance for various woody plant species utilized by browsing ungulates and primates living on
the reserve. During monthly field trips, observations of leafing, budding, flowering and fruit-
ing on 113 tagged woody plants from 26 different woody plant species were undertaken

(Table 1).

Table 1. Family names, species names and numbers of trees sampled for each species in this study.

Family Species name Number of trees sampled

Anacardiaceae Lannea discolor 4
Anacardiaceae Sclerocarya birrea 3
Anacardiaceae Searsia leptodictya 5
Anacardiaceae Searsia pyroides 5
Cannabaceae Celtis africana 5
Combretaceae Combretum erythrophyllum 2
Combretaceae Combretum apiculatum 4
Combretaceae Combretum zeyheri 4
Ebenaceae Euclea crispa 5
Ebenaceae Euclea undulata 3
Fabaceae Dichrostachys cinerea 7
Fabaceae Peltophorum africanum 5
Fabaceae Senegalia burkei 5
Fabaceae Senegalia caffra 7
Fabaceae Vachellia karroo 5
Fabaceae Vachellia nilotica 6
Fabaceae Vachellia robusta 5
Malvaceae Grewia flavescens 1
Moraceae Ficus sur 2
Olacaceae Ximenia caffra 4
Oleaceae Olea europaea s. africana 4
Rhamnaceae Berchemia zeyheri 5
Rhamnaceae Ziziphus mucronata 5
Salicaceae Mimusops zeyheri 5
Sapindaceae Pappea capensis 6
Ulmaceae Chaetachme aristata 1

https://doi.org/10.1371/journal.pone.0251421.t001
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Prior to the start of the project, monthly reconnaissance trips were undertaken to LDNR
for twelve months. The purpose of these trips were to identify and tag woody plant species for
phenological monitoring. During reconnaissance trips, all resource bearing woody plant spe-
cies that provided food items in the study area, and that vervet monkeys (Chlorocebus pygery-
thrus), baboons (Papio ursinus), giraffe (Giraffa camelopardalis), kudu (Tragelaphus
strepsiceros), impala (Aepyceros melampus), bushbuck (Tragelaphus sylvaticus) and nyala (Tra-
gelaphus angasii) were observed foraging on, were tagged for this study. An attempt was made
to tag equal amounts of the different woody plant species, but the number of these species
present, and trees that died during the study period, influenced final numbers. Locations of
the woody plants were recorded using a Garmin 12XL™ GPS and each plant was numbered
with a metal tag that was placed on the southern side of the tree’s trunk at breast height.

On commencement of data collection for the long-term project that is still underway, the fol-
lowing data were collected on a monthly basis for each tagged woody plant: Tag Id; Species
Name; Resource Items Present (flowers, new fruit/pods and new leaves); and the visually esti-
mated Relative Abundance of Resources Items available in the tree canopy (0-5%, >5-12%,
>12-25%, >25-50%, >50-75%, and >75-100%) for three height classes (0-1 m, >1-3 m, and
>3 m). The number of flowers, new fruit/pods and new leaves in a marked 1m> segment of the
tree were also counted for extrapolation into the total tree volume [25]. Leaves were classified as
leaf buds, new leaves or old leaves; and fruit/pods were classified as new or mature. For this
study, we focused on numbers of flowers, new fruit/pods and new leaves because the relation-
ship between temperature, rainfall and photoperiod affects these resource items directly [28].

Rainfall and temperature data for the study period were sourced from reserve records. Cli-
mate information is collected daily by reserve staff from a single weather station placed at the
reserve’s administration buildings and from rain gauges placed at the various ranger pickets
distributed throughout the reserve. Monthly means were calculated using daily data captured
for the study period. Daily photoperiod (daylight hours) data were downloaded for Nelspruit
from the internet [29] and mean monthly day lengths were calculated for the study period.

Statistical analyses

Mean monthly values for all data collected during the period were analysed using a series of
Poisson family General Linear Models [30, 31]. General Linear Models investigated which of
the various sampled environmental variables (rainfall, temperature or photoperiod and inter-
actions between these variables) had the greatest effect on the numbers of woody plant species
flowering, with new fruit/pods and with new leaves.

Lags, leads and coincidental relationships between environmental variables and phenologi-
cal variables were explored using time-series cross-correlations [31] to determine whether
numerical responses in phenological variables were associated with the different environmen-
tal variables. The statistical package R [32] was used for all statistical analyses.

Results

Numbers of woody plant species bearing resources (flowers, new fruit/pods and new leaves)
began to increase during August and continued to do so until January, as depicted in the
box and whisker plots for Fig 2. In January, the maximum number of woody plant species
investigated had resources on them. From February to July, the numbers of woody plant spe-
cies containing resources declined as the autumn period progressed into winter.

Associations between mean monthly rainfall, mean monthly temperature and mean
monthly photoperiod with the percentage of woody plant species flowering, that had new
fruit/pods and that had new leaves are depicted in Fig 3.
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Fig 2. Numbers of woody plant species containing resources (flowers, new fruit/pods and new leaves) for the

study period.

https://doi.org/10.1371/journal.pone.0251421.9002

Initial flowering on the sampled woody plant species started when temperatures began to
increase in September and peaked a month later in October (Fig 3 —flowering component).
From November to May the number of woody plant species that were flowering declined and
between June and August no flowers were present on any of the sampled woody plant species.

After initial flowering started in September, the onset of new fruit/pods became visible a
month later in October (Fig 3 —new fruits/pods component). Numbers of woody plant species
containing new fruit/pods increased and peaked in January, declining from February to

September.
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Leafing was independent of flowering and fruiting. Sampled woody plant species started
leafing in August and peaked in November and December (Fig 3 —-new leaves component).
Leafing continued at a reduced rate until March, after which no new leaves were present until
August.

A series of General Liner Models were run to investigate the effects of rainfall, temperature
and photoperiod on the number of woody plant species flowering, with new fruit/pods and
with new leaves. Results for the model with the best fit are presented in Table 2.

For the ‘Intercept: Number of species flowering’ in Table 2, temperature was the predomi-
nant indicator for flowering on woody plant species (P = 0.02), followed by the interaction
between rainfall and temperature (P = 0.05). The negative rainfall-temperature interaction
coefficient indicated that the effect of the combined action of rainfall and temperature was less
than the sum of their individual effects. For this interaction, the association between rainfall
and the number of species flowering decreased if temperature increased. Results for the ‘Inter-
cept: Number of species with new fruits/pods’ indicated that temperature had the most
noticeable effect on the number of species with new fruit/pods (P < 0.00). Findings for the
‘Intercept: Number of species with new leaves’ showed that photoperiod (P = 0.03) had the
most noticeable effect on the number of woody plant species with new leaves, followed by tem-
perature (P = 0.04), and the interaction between temperature and photoperiod (P = 0.04).
Although both the component predictor variables temperature and photoperiod had positive
coefficients, the temperature-photoperiod interaction was negative and the effect of the com-
bined action of the predictor variables was less than the sum of their individual effects. As the
value of one of the predictor variables increased, the other decreased and vice versa. The posi-
tive relationships between temperature and photoperiod were weaker when the values of one
of these variables was high. If temperatures were high and day length (photoperiod) was short,

Table 2. Results for the minimum adequate models for a series of general linear models run to determine the effects of rainfall, temperature and photoperiod on
the number of woody plant species flowering, with new fruit/pods and with new leaves.

Coefficients B SEB p CI P
Intercept: Number of species flowering -0.09 5.03 N/A (-10.11, 9.80) 0.99
Rainfall -0.39 0.27 -4.65 (-0.96, 0.10) 0.15
Temperature 0.76 0.32 0.74 (0.18, 1.46) 0.02 | *
Photoperiod -1.24 0.92 -0.35 (-3.12,0.48) 0.17
Rainfall:Temperature -0.02 0.01 -0.19 (-0.03, 0.00) 0.05 | *
Rainfall:Photoperiod 0.06 0.03 0.06 (0.00, 0.13) 0.09
Intercept: Number of species with new fruit/pods -0.44 0.69 N/A (-1.86, 0.86) 0.52
Rainfall 0.00 0.00 -0.02 (-0.01, 0.00) 0.37
Temperature 0.12 0.03 0.11 (0.06, 0.18) <0.00 | *
Intercept: Number of species with new leaves -129.30 58.28 N/A (-277.60, -28.49) 0.03 | *
Rainfall -1.76 1.34 -8.90 (-4.50, 0.93) 0.19
Temperature 3.73 1.80 1.53 (0.73, 8.72) 0.04 | *
Photoperiod 12.51 5.73 1.49 (2.35,26.36) 0.03 | *
Rainfall:Temperature 0.12 0.07 0.61 (-0.02, 0.27) 0.10
Rainfall:Photoperiod 0.09 0.09 0.04 (-0.11, 0.28) 0.35
Temperature:Photoperiod -0.39 0.19 -0.05 (-0.86, -0.06) 0.04 |
Rainfall:Temperature:Photoperiod -0.01 0.00 -0.04 (-0.02, 0.00) 0.13

B = Beta value, SEB = Standard Error of Beta, p = Standardized Beta, CI = Confidence Intervals, P = Significance

* = Significant result

https://doi.org/10.1371/journal.pone.0251421.t1002
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Table 3. Lag and lead results for flowering, new fruit/pods and new leaves with rainfall, temperature and photoperiod. If a lag or lead was present, it is indicated in

the ‘position’ column. Noticeable lags and leads were found for flowering and rainfall, and for new fruit/pods with rainfall, temperature and photoperiod. No lags were
found for new leaves.

Phenological event Rainfall Temperature Photoperiod
Lag/Lead Lag/Lead Lag/Lead
Position | Period r DF |SE |P Position |Period r DF |SE |P Position | Period r DF |SE |P
Flowering 1 10 months | 0.65 | 10 | 0.24 | <0.00 0 12 months | 0.82 | 10| 0.18 | <0.00 0 12 months | 0.88 | 10| 0.15 | <0.00
New fruit/prods -2 12 months | 0.76 | 10| 0.20 | <0.00 -1 15 months | 0.83 | 10| 0.17 | <0.00 -2 14 months | 0.86 | 10| 0.16 | <0.00
- - - - - - - - - - - - -1 14 months | 0.87 | 10| 0.15 | <0.00
New leaves 0 10 months | 0.65 | 10 | 0.24 | <0.00 0 13 months | 0.81 | 10| 0.19 | <0.00 0 12 months | 0.94 | 10| 0.11 | <0.00

r = correlation coefficient, DF = Degrees of Freedom, SE = Standard Error, P = significance

https://doi.org/10.1371/journal.pone.0251421.t003

or day length was long and temperatures were low, then the number of species with new leaves
decreased.

Potential lags, leads and coincidental relationships between flowering and the different
environmental variables investigated were explored using cross-correlations (Table 3). Lags
are represented by negative position values and leads by positive position numbers in the table.
Position refers to the position of the lag or lead in associated Figs 4 and 5 and represents the
lag or lead in months between the phenological event and the environmental variable corre-
lated to it. Period in Table 3 refers to the number of months between the start and end of a par-
ticular phenological cycle.

A noticeable, moderately significant lead (cross-correlation: #(10) = 0.65, SE = 0.24,

P < 0.00) was found between flowering and rainfall at position 1 in Table 3, suggesting that
flowers increased approximately one month before rainfall increased. This lead was also evi-
dent in Fig 4 at position 1.

As temperatures began to increase in September, the woody plant species investigated
started flowering (Fig 3). In addition to the initiation of flowering, temperature increases also
influence the development of new fruit/pods (Fig 3). Moderately significant lags were observed
between new fruit/pods and all environmental variables investigated (rainfall, temperature and
photoperiod). A predominant lag between new fruit/pods and rainfall occurred at lag position

Cross-correlation

Lag Rainfall and Flowering

Fig 4. Correlogram indicating a prominent, moderately significant lead between flowering and rainfall at position
1.

https://doi.org/10.1371/journal.pone.0251421.9004
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-2 (cross-correlation: 7(10) = 0.764, SE = 0.204, P < 0.00), indicating that approximately two
months after good rainfall there was an increase in the number of plants that had new fruit/
pods (Fig 5A). The main lag between new fruit/pods and temperature occurred at lag position
-1 (cross-correlation: (10) = 0.834, SE = 0.174, P < 0.00), indicating that approximately one
month after maximum temperatures were recorded there was a noticeable increase in the

number of plants that had new fruit/pods (Fig 5B). The predominant lag between new fruit/

pods and photoperiod was also moderately significant at lags -2 (cross-correlation: r(10) =
0.861, SE = 0.161, P < 0.00) and -1 (cross-correlation: r(10) = 0.873, SE = 0.154, P < 0.00),
indicating that the number of plants that had new fruits/pods increased one to two months fol-

lowing maximum day length recordings (Fig 5C).

As was the case for new fruits/pods, when temperatures began to increase, the sampled
woody plant species started producing new leaves and reached peak production when rainfall
was highest, declining thereafter (Fig 3). No noticeable lags, leads or coincidental relationships

were observed between the various environmental variables investigated and the number of

new leaves on woody plant species at LDNR (Table 2).

Discussion

Over the duration of the study period, various woody plant species at LDNR produced
resources intermittently, sustaining the various animal species that depend on these resources.

Resources in the form of flowers, new fruit/pods and new leaves were available on different
woody plant species throughout the year [25]. Numbers of woody plant species containing
resources increased from August/September and peaked in January, declining after this peak
until June/July when numbers of trees with resources were at their lowest (Fig 2). Months
where the numbers of woody plant species contained the most resources coincided with
increased temperatures and rainfall that occurs during the warm wet months.

Predominant indicators for flowering at the study site were temperature followed by the
interaction between rainfall and temperature. Initial flowering started in September when tem-
peratures began to increase and peaked in October, declining from November to June when no
flowers were present on any of the sampled woody plant species. These results are similar to
findings by [33] in China, who found that temperature was the main driving agent for flowering
in a common tree species (Syringa oblata) monitored for 40 years at 44 phenological observa-
tional sites. Researchers [4] also found that temperature variability and lag effects alter flowering
trends in subarctic plant communities. In our study, after initial flowering started in September,
model results indicated that rainfall in spring was important to sustain flowering. The signifi-
cant lead observed between flowering and rainfall (Table 3 and Fig 4) suggests that if rainfall is
reduced or absent, that flowering will still take place, but fruiting could be limited or absent.
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The model with the best fit for new fruit/pods and associated environmental variables indicated
that temperature had the most noticeable effect on the number of species with new fruit/pods at the
study site. A proportion of the woody plant species present at LDNR had new fruit/pods in all
months of the year (Fig 3 —new fruits/pods component). The onset of new fruit/pods began in
October and peaked in January, declining from February to September. Since new fruit/pods are
the product of flowering, there is an inverse relationship between these phenological events. As
flower numbers begin to decline on woody plant species, the flowers become fruit/pods and the
numbers of these begin to increase. Significant lags were observed between new fruit/pods and all
environmental variables investigated, indicating that new fruit/pods depend on rainfall, tempera-
ture and photoperiod to reach their full potential. These lags could, in part, be attributed to the
often difficult to observe transition from flowers to fruit production [34], which was not investi-
gated in this study. Even though temperature had the most noticeable effect on the number of
woody plant species with new fruit/pods (Table 2), explored lags indicated that rainfall and photo-
period also contributed towards woody plant species reaching their full productive potential (Fig 5).

Photoperiod, followed by temperature, and the interaction between temperature and pho-
toperiod were the main indicators for new leaves on the sampled woody plant species at
LDNR. Leafing started in August and peaked in November and December, continuing until
March, with no new leaves present between April and July. Peaks in the number of new leaves
appear to be coincidental (in synch) with peaks in rainfall, temperature and photoperiod. No
leading or lagging indicators were observed between numbers of woody plant species with
new leaves and the environmental variables investigated. Since no dependencies were observed
between these phenological events, results suggest that the appearance of new leaves is inde-
pendent of flowering and new fruit/pods.

To summarize, our results indicate that when temperatures begin to increase, flowering
begins and new leaves start to appear. After the onset of flowering and leaf budding, rain is
required to ensure that these events are sustained and that they reach their full potential [35].
Although no regional studies could be found that investigated the effects of rainfall, tempera-
ture and photoperiod on flowering, fruiting and leafing of trees, several studies have investi-
gated leaf phenology for individual tree species [36-38]. Researchers [37] found that
temperature was positively correlated with leaf phenology in riverine thickets in the central
Free State, South Africa, which is similar to what we found. Our findings are also similar to a
study that investigated woody tree flowering and fruiting phenology in a tropical-seasonal
rainforest in southwestern China [39]. If rain is delayed or absent, both flowering and new leaf
production will be compromised in terms of yields produced [40]. In addition to rainfall, tem-
perature also has a noticeable effect on the number of species with new fruit/pods [2, 4, 33].

Phenological synchronicity in seasonal environments is influenced by the timing and dura-
tion of climatic events such as rainfall, changing temperatures and shifts in photoperiod [2].
Climatic variability affects woody plant resource emergence and availability, which in turn has
consequences for many animals living in temperate environments that depend on these
resources [37, 41, 42]. Temporal shifts in climatic events result in lag effects that produce vary-
ing floral syndromes [33]. Prominent lags that were explored in this study showed a recurring
tendency of between 10 and 15 months (Table 3). The consequence of asynchronous flowering
is asynchronous fruit and pod production.

Conclusions

The objectives of this study were to investigate the short-term seasonal effects of rainfall, tem-
perature and photoperiod on flowering, numbers of new fruit/pods and numbers of new leaves
for selected woody plant species at LDNR. To date, no studies have investigated the
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relationship between rainfall, temperature and photoperiod on resource phenology for the
sampled woody plant species in southern Africa.

Results indicate that there are intricate relationships between the different environmental
variables investigated and the phenological events examined. Temperature plays a predomi-
nant role in all of the phenological events that were investigated. After winter, in August and
September, as temperatures increase, flower and new leaf production starts. For sustained
flowering and leaf budding, and for these events to reach their full potential, adequate rainfall
is required. If rain is absent or delayed, these phenological events result in the decreased pro-
duction of flowers and resultant fruits/pods. We also found that temperature has a noticeable
effect on the number of species that contain new fruit/pods. These findings indicate the impor-
tance of both temperature and rainfall to resource production in the study area and the south-
ern African bushveld in general.

The combination of lags, leads and coincidental relationships found between some of the
environmental variables and certain phenological events further highlight the complicated
nature of the relationships between these variables and events. Exploration of these lags, leads
and coincidental relationships indicate that flowering, new fruit/pod development, new leaf
development, and the environmental variables explored are cyclic [43]. Should a major shift in
environmental variables take place, as is predicted for climate change, this would have conspic-
uous effects on the abundance and availability of woody plant resources [2, 4, 7, 44, 45]. A
change to ephemeral woody plant resources will have a causal effect on the various animals
that depend on these resources [45, 46].

With global concerns about the consequences of changing climate variables to natural envi-
ronments and ecosystems, it is important to monitor local impacts of changing climate vari-
ables, particularly temperature and rainfall [2, 7, 10]. Wildlife managers are in a favourable
position to make decisions about grazer and browser stocking rates when they are aware of
potential resource problems. Recommendations for managers of natural areas containing ani-
mals that depend on ephemeral woody plant resources are that they monitor the effects that
rainfall, temperature and photoperiod have on woody plant resource phenology. If resources
become less due to shifts in climatic variables, managers need to adjust animal population
sizes or consider supplementary feeding to prevent permanent damage to the environment
[37]. It is further recommended that future research investigate the impacts of various plant
stressors on resource availability and abundance. The survival strategies of various woody
plant species should also be investigated to determine how current and future global warming
trends impact on these strategies.

Supporting information

S1 Data.
(XLSX)

Acknowledgments

We would like to thank the management of Loskop Dam Nature Reserve for allowing us the
opportunity to do this study on the reserve.

Author Contributions
Conceptualization: Alan Barrett, Leslie Brown.

Data curation: Alan Barrett.

PLOS ONE | https://doi.org/10.1371/journal.pone.0251421 May 11, 2021 11/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0251421.s001
https://doi.org/10.1371/journal.pone.0251421

PLOS ONE

Effects of rainfall, temperature and photoperiod on the phenology of ephemeral resources

Formal analysis: Alan Barrett.

Investigation: Alan Barrett.

Methodology: Alan Barrett, Leslie Brown.

Writing - original draft: Alan Barrett.

Writing - review & editing: Alan Barrett, Leslie Brown.

References

1.

10.

1.

12

13.

14.

15.

16.

17.
18.

19.

Chuine |, Beaubien E, Phenology is a major determinant of tree species range. Ecol. Lett. 2008; 4:
500-510. https://doi.org/10.1046/j.1461-0248.2001.00261 .x.

Gordo O, Sanz JJ. Impact of climate change on plant phenology in Mediterranean ecosystems. Global
Change Biology. 2010; 16: 1082—1106. https://doi.org/10.1111/j.1365-2486.2009.02084.x.

Denny EG, Gerst KL, Miller-Rushing AJ, Tierney GL, Crimmins TM, Enquist CAF, et al. Standardized
phenology monitoring methods to track plant and animal activity for science and resource management
applications. Int. J. Biometeorol. 2014; 58: 591-601. https://doi.org/10.1007/s00484-014-0789-5
PMID: 24458770

Mulder CPH, lles DT, Rockwell RF. Increased variance in temperature and lag effects alter phenological
responses to rapid warming in a subarctic plant community. Global Change Biology. 2016; 23: 801—
814. https://doi.org/10.1111/gcb.13386 PMID: 27273120

Willis CG, Ellwood ER, Primack RB, Davis CC, Pearson KD, Gallinat AS, et al. Old Plants, New Tricks:
Phenological Research Using Herbarium Specimens. Trends Ecol. Evol. 2017; 32: 531-546. https://
doi.org/10.1016/j.tree.2017.03.015 PMID: 28465044

Ziervogel G, New M, Archer van Garderen E, Midgley G, Taylor A, Hamann R, et al. Climate change
impacts and adaptation in South Africa. Wiley Interdiscip. Rev. Clim. Chang. 2014; 5: 605-620. https://
doi.org/10.1002/wcc.295.

Khanduri VP, Sharma CM, Singh SP. The effect of climate change on plant phenology. The Environ-
mentalist. 2008; 28: 143-147. https://doi.org/10.1007/s10669-007-9153-1.

Chapman CA, Valenta K, Bonnell TR, Brown KA, Chapman LJ. Solar radiation and ENSO predict fruit-
ing phenology patterns in a 15-year record from Kibale National Park, Uganda. Biotropica. 2018; 50:
384-395. https://doi.org/10.1111/btp.12559.

De Bie S, Ketner P, Paasse M, Geerling C. Woody plant phenology in the West Africa savanna. J. Bio-
geogr. 1998; 25: 883—900. https://doi.org/10.1046/j.1365-2699.1998.00229.x.

Klein D, Roehrig J. How does vegetation respond to rainfall variability in a semi-humid west african in
comparison to a semi-arid east african environment? Proceedings of the 2nd Workshop of the EARSeL
SIG on Land Use and Land Cover Bonn, Germany. 2006; 149-156.

Hannah L, Midgley GF, Lovejoy T, Bond WJ, Bush M, Lovett JC, et al. Conservation of Biodiversity in a
Changing Climate. Conserv. Biol. 2002; 16: 264—268. https://doi.org/10.1046/j.1523-1739.2002.00465.
X.

Alberts SC, Hollister-Smith JA., Mututua R, Sayialel SN, Muruthi PM, Warutere JK, et al., Seasonality
and long term change in a savanna environment. Seas. Primates Stud. Living Extint Hum. Non-Human
Primates. 2005; 571. https://doi.org/10.1017/CBO9780511542343.007.

Scholes B, Scholes M, Lucas M. Climate change briefings from Southern Africa. Johannesburg: Wits
University Press; 2015.

Thomson DJ. Shifts in season. Nature. 2009; 457: 391-392. https://doi.org/10.1038/457391a PMID:
19158781

Scholes RJ, Archer SR. Tree-Grass Interactions in Savannas. Annu. Rev. Ecol. Syst. 1997; 28: 517—
544. https://doi.org/10.1146/annurev.ecolsys.28.1.517.

Mucina L, Rutherford MC. The Vegetation of South Africa, Lesotho and Swaziland. Strelitzia. Pretoria:
South African National Biodiversity Instiute; 2006.

Nix HA. Climate of tropical savannas, Ecosystems of the world. Amsterdam: Elsevier; 1983.

Holechek JL. An Approach for Setting the Stocking Rate. Rangelands. 1988; 10: 10—14. https://doi.org/
10.2307/4000362.

Danckwerts JE, Teague WR. Monitoring vegetation change and assessing veld condition. In Danck-
werts JE, Teague WR, editors. Veld management in the Eastern Cape. Pretoria: Government Printer;
1989. pp. 808-872.

PLOS ONE | https://doi.org/10.1371/journal.pone.0251421 May 11, 2021 12/14


https://doi.org/10.1046/j.1461-0248.2001.00261.x
https://doi.org/10.1111/j.1365-2486.2009.02084.x
https://doi.org/10.1007/s00484-014-0789-5
http://www.ncbi.nlm.nih.gov/pubmed/24458770
https://doi.org/10.1111/gcb.13386
http://www.ncbi.nlm.nih.gov/pubmed/27273120
https://doi.org/10.1016/j.tree.2017.03.015
https://doi.org/10.1016/j.tree.2017.03.015
http://www.ncbi.nlm.nih.gov/pubmed/28465044
https://doi.org/10.1002/wcc.295
https://doi.org/10.1002/wcc.295
https://doi.org/10.1007/s10669-007-9153-1
https://doi.org/10.1111/btp.12559
https://doi.org/10.1046/j.1365-2699.1998.00229.x
https://doi.org/10.1046/j.1523-1739.2002.00465.x
https://doi.org/10.1046/j.1523-1739.2002.00465.x
https://doi.org/10.1017/CBO9780511542343.007
https://doi.org/10.1038/457391a
http://www.ncbi.nlm.nih.gov/pubmed/19158781
https://doi.org/10.1146/annurev.ecolsys.28.1.517
https://doi.org/10.2307/4000362
https://doi.org/10.2307/4000362
https://doi.org/10.1371/journal.pone.0251421

PLOS ONE

Effects of rainfall, temperature and photoperiod on the phenology of ephemeral resources

20.

21.
22,

23.

24,

25.

26.

27.

28.

29.

30.

31.
32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

Tainton NM. Veld condition assessment. In: Tainton NM, editor. Veld mamagement in South Africa.
Pietermaritzburg: University of Natal Press; 1999.

Van Oudtshoorn F. Veld management principles and practices. Pretoria: Briza Publications; 2015.

Van Rooyen N, Bothma J du P. Veld Management. In: Bothma J du P, du Toit JG, editors. Game ranch
management, 6th ed. Pretoria: Van Schaik; 2016. pp. 808—-872.

Van Rooyen N, Theron GK, Grobbelaar N. The vegetation of the Roodeplaat Dam Nature Reserve. IV.
Phenology and climate. S. Afr. J. Bot. 1986; 52: 159-166. https://doi.org/10.1016/S0254-6299(16)
31582-4.

Ferrar A, Lotter M. Mpumalanga Biodiversity Conservation Plan Handbook. Nelspruit: Mpumalanga
Tourism & Parks Agency, Nelspruit; 2007. [Cited 2020 July 18]. Available from: https:/
conservationcorridor.org/cpb/Ferrar_and_Lotter_2007.pdf.

Barrett AS, Brown LR, Barrett L, Henzi SP. A floristic description and utilisation of two home ranges by
vervet monkeys in loskop dam nature reserve, south Africa. Koedoe 2010; 52: 1-12.

Theron GK. ‘n Ekologiese studie van die plantegroei van die Loskopdam Natuurreservaat [An ecologi-
cal study of the vegetation of the Loskop Dam Nature Reserve]. Doctoral Thesis, University of Pretoria.
1973.

Low AB, Rebelo AG. Vegetation of South Africa, Lesotho and Swaziland. A companion to the vegetation
map of South Africa, Lesotho and Swaziland. Pretoria: Dept of Environmental Affairs and Tourism,
South Africa; 1996.

de Faria RAPG., Coelho MFB, Albuquerque MCF, Azevedo RAB. Phenology of species in the Cerrado
of Mato Grosso State, Bazil—Brosimum gaudichaudii Trécul (Moraceae). In: Zhang X, editor. Phenol-
ogy and climate change. Croatia: InTech; 2012. pp. 117—124. http://dx.doi.org/10.5772/2146 2012.

Sunrise Thorsen S., sunset and day length. 2014. Available from: https://www.timeanddate.com/sun/@
1085595.

Zuur A, leno EN, Walker N, Saveliev AA, Smith GM. Mixed effects models and extensions in ecology
with R. New York: Springer; 2009.

Crawley MJ. The R book, 2nd ed. Sussex: John Wiley and Sons Ltd; 2013.
R Core Team. R: A language and environment for statistical computing. [Software]; 2013.

Wu X, Cheng C, Qiao C, Song C. Spatio-temporal differentiation of spring phenology in China driven by
temperatures and photoperiod from 1979 to 2018. Sci China Earth Sci. 2020; 63: 1-14. https://doi.org/
10.1007/s11430-019-9577-5.

Wilcock C, Neiland R. Pollination failure in plants: why it happens and when it matters. Trends in Plant
Science. 2002; 7:270-277. https://doi.org/10.1016/s1360-1385(02)02258-6 PMID: 12049924

Hughes L. Biological consequences of global warming: is the signal already apparent? Trends Ecol.
Evol. 2000; 15: 56—61. https://doi.org/10.1016/s0169-5347(99)01764-4 PMID: 10652556

Dekker B, Smit GN. Browse production and leaf phenology of some trees and shrubs in different Colo-
phospermum mopane savanna communities. African Journal of Range and Forage Science. 1996; 13:
15-23. http://dx.doi.org/10.1080/10220119.1996.9647888.

Janecke BB, Smit GN. Phenology of woody plants in riverine thicket and its impact on browse availabil-
ity to game species. African Journal of Range & Forage Science. 2011; 28: 139-148. https://doi.org/10.
2989/10220119.2011.642075.

Makhado RA, Potgieter MJ, Luus-Powell WJ. Colophospermum mopane leaf production and phenology
in Southern Africa’s savanna ecosystem—a review. Insights For Res. 2018; 2: 84—-90. https://doi.org/
10.36959/948/464.

Mohandass D, Campbell M, Chen X, Li Q. Flowering and fruiting phenology of woody trees in the tropi-
cal-seasonal rainforest, Southwestern China. Current science. 2018; 114: 2313-2322. https://doi.org/
10.18520/cs/v114/i11/2313-2322.

Pefiuelas J, Filella I, Zhang X, Llorens L, Ogaya R, Lloret F, et al. Rainfall Spatiotemporal Changes.
New Phytol. 2012; 161: 837-846. https://doi.org/10.1111/j.1469-8137.2003.01003.x.

Fox R. The decline of moths in Great Britain: A review of possible causes. Insect Conservation and
Diversity. 2013; 6: 5-19. https://doi.org/10.1111/j.1752-4598.2012.00186.x.

Renner SS, Zohner CM. Climate change and phenological mismatch in trophic interactions among
plants, insects, and vertebrates. Annual review of ecology, evolution, and systematics. 2018; 49: 165—
182. https://doi.org/10.1146/annurev-ecolsys-110617-062535.

Park JS. Cyclical environments drive variation in life-history strategies: a general theory of cyclical phe-
nology. Proc. R. Soc. B. 2019; 268: 1-9. https://doi.org/10.1098/rspb.2019.0214 PMID: 30862286

PLOS ONE | https://doi.org/10.1371/journal.pone.0251421 May 11, 2021 13/14


https://doi.org/10.1016/S0254-6299(16)31582-4
https://doi.org/10.1016/S0254-6299(16)31582-4
https://conservationcorridor.org/cpb/Ferrar_and_Lotter_2007.pdf
https://conservationcorridor.org/cpb/Ferrar_and_Lotter_2007.pdf
http://dx.doi.org/10.5772/2146
https://www.timeanddate.com/sun/@1085595
https://www.timeanddate.com/sun/@1085595
https://doi.org/10.1007/s11430-019-9577-5
https://doi.org/10.1007/s11430-019-9577-5
https://doi.org/10.1016/s1360-1385%2802%2902258-6
http://www.ncbi.nlm.nih.gov/pubmed/12049924
https://doi.org/10.1016/s0169-5347%2899%2901764-4
http://www.ncbi.nlm.nih.gov/pubmed/10652556
http://dx.doi.org/10.1080/10220119.1996.9647888
https://doi.org/10.2989/10220119.2011.642075
https://doi.org/10.2989/10220119.2011.642075
https://doi.org/10.36959/948/464
https://doi.org/10.36959/948/464
https://doi.org/10.18520/cs/v114/i11/2313-2322
https://doi.org/10.18520/cs/v114/i11/2313-2322
https://doi.org/10.1111/j.1469-8137.2003.01003.x
https://doi.org/10.1111/j.1752-4598.2012.00186.x
https://doi.org/10.1146/annurev-ecolsys-110617-062535
https://doi.org/10.1098/rspb.2019.0214
http://www.ncbi.nlm.nih.gov/pubmed/30862286
https://doi.org/10.1371/journal.pone.0251421

PLOS ONE Effects of rainfall, temperature and photoperiod on the phenology of ephemeral resources

44. Primack R, Gallinat A. Spring Budburst in a Changing Climate Henry David Thoreau’s 160-year-old field
notes document the changing life, in the woods, as a warming climate jumbles the timing of annual
springtime schedules. American Scientist. 2016; 104: 102—109. https://doi.org/10.1511/2016.119.102.

45. Flores JM, Gil-Lebrero S, Gamiz V, Rodriguez MI, Ortiz MA, Quiles FJ. Effect of the climate change on
honey bee colonies in a temperate Mediterranean zone assessed through remote hive weight monitor-
ing system in conjunction with exhaustive colonies assessment. Science of the Total Environment.
2019; 653: 1111-1119. https://doi.org/10.1016/j.scitotenv.2018.11.004.

46. Parmesan C, Yohe G. A globally coherent fingerprint of climate change impacts across natural systems.
Nature. 2003; 421: 37-42. https://doi.org/10.1038/nature01286 PMID: 12511946

PLOS ONE | https://doi.org/10.1371/journal.pone.0251421 May 11, 2021 14/14


https://doi.org/10.1511/2016.119.102
https://doi.org/10.1016/j.scitotenv.2018.11.004
https://doi.org/10.1038/nature01286
http://www.ncbi.nlm.nih.gov/pubmed/12511946
https://doi.org/10.1371/journal.pone.0251421

