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Abstract 

Small aquatic ecosystems in semi-arid environments are characterised by strong seasonal water level 

fluctuations. In addition, land use as well as artificial pumping of ground water to maintain water resources 

throughout the dry season may affect the functioning of aquatic ecosystems. In this study, we investigated pans 

situated in and around Hwange National Park, Zimbabwe, where certain waterholes are artificially maintained 

during the dry season for conservation purposes. We monitored 30 temporary and permanent waterholes for 

seven months across the wet and dry seasons in 2013 and analysed them for standard parameters to investigate 

seasonal variations, assess the effects of land use and pumping on lake functioning, and determine the driving 

factors of these aquatic systems. Results show an increase in conductivity, hardness, and turbidity when 

temporary pans dry up and permanent ones are filled with ground water. Prominent parameters explaining the 

diversity of aquatic ecosystems are water hardness, conductivity, turbidity, and the presence of vegetation. 

Seasonality differences in certain parameters suggest the influence of water level fluctuations associated with 

rainfall, evaporation, and pumping activities. Further, the distinction between turbid pans and those with clear 

water and vegetation suggests the alternative functioning of pans. Land use had no significant effects, while the 

effects of pumping are discussed. In times of water scarcity, animals gather around artificially maintained 

waterholes and foul water with faeces and urine, thus inducing water eutrophication. 

 

 

 

Keywords: eutrophication; water level fluctuation; organic matter inputs; groundwater pumping 
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INTRODUCTION 

 

Water level fluctuation (WLF) is an important driver of shallow lakes in temperate and tropical zones 

(Beklioglu et al., 2007, Blaustein and Schwartz, 2001, Coops et al., 2003, Hofmann et al., 2008, Jeppesen et al., 

2015, Mustapha, 2008, Schwartz and Jenkins, 2000). Although most research in aquatic ecology focuses on 

permanent water bodies (Schwartz and Jenkins, 2000), studying the role of WLF in the drying up of ecosystems 

and their responses is of great need (Coops et al., 2003). Water levels in shallow lakes depend on regional 

climatic conditions (from temperate to arid) as well as human activities such as water abstraction for irrigation 

(Coops et al., 2003, Jeppesen et al., 2015). WLF and drying up affect species living in the aquatic-terrestrial 

transition zones, in particular littoral helophytes (Riis and Hawes, 2003, Thomas et al., 2000, Thomaz et al., 

2006) and benthic invertebrates (Bazzanti et al., 2009, Coops et al., 2003, Strachan et al., 2014, White et al., 

2008) as well as organisms living in the pelagic zone (Kelley et al., 2000, Medeiros et al., 2015, Michaloudi et 

al., 2012, Ovie and Adeniji, 1994, Teferi et al., 2014). Chemical properties and nutrient concentrations are also 

affected by WLF with the alternation of dilution and concentration (Barson and Nhiwatiwa, 2010, Coops et al., 

2003, Coppens et al., 2016, Jeppesen et al., 2015, McCulloch et al., 2008, Nhiwatiwa et al., 2011, Ozen et al., 

2010). The effects will be increasingly amplified by climate change because of increased temperatures that 

enhance evaporation and evapotranspiration and decreased precipitation (Jeppesen et al., 2015). As a 

consequence, increased salinity and eutrophication poses a strong threat to shallow lakes, especially in semi-arid 

and arid regions (Coppens et al., 2016, Jeppesen et al., 2015). Land use is another strong driver of aquatic 

ecosystems: it determines allochtonous substances and the concentrations that reach water, as well as 

transportation rates and fluxes between the terrestrial and aquatic habitats (Brendonck et al., 2008, Davis et al., 

2015, Nhiwatiwa et al., 2011, Pacheco and Fernandes, 2016, Williams et al., 2016). As a consequence, land use 

also drives species diversity and abundance, and so any changes in land use such as deforestation and increased 

agriculture and urbanisation have and will have profound effects on freshwater communities (Catherine et al., 

2008, Kelley et al., 2000, Stomp et al., 2011).  
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WLF and water scarcity in arid and semi-arid ecosystems are a major issue for wildlife conservation and 

domestic herbivores (Epaphras et al., 2008, Fynn et al., 2015, James et al., 1999, Pettit et al., 2012, Wolanski 

and Gereta, 2001). In addition to drinking water, WLF determine plant zonation in wetlands and, as a result, 

access to key sources of forage for wild and domestic herbivores during the dry season (Fynn et al., 2015, Pettit 

et al., 2012). To support pastoralism and conservation objectives, artificial sources of water have been created 

by feeding natural waterholes with ground water for instance. As aquatic ecosystems provide valuable water and 

forage sources in semi-arid regions, it is therefore important to understand their structure and functioning for 

management and conservation purposes. Furthermore, they are major contributors to regional biodiversity 

(Williams, 2005).  

Hwange National Park (HNP), Zimbabwe, is a typical semi-arid savanna with a surface water deficit for the 

greater part of the year (Chamaille-Jammes et al., 2007). Due to this water deficit, 67 boreholes were installed at 

some natural waterholes and wetlands, allowing for the artificial pumping of ground water and maintenance of 

surface-water availability throughout the year (Chamaille-Jammes et al., 2007). According to Chammaille-

Jammes (2007), without artificial pumping, only 19.6 % of the park remains within 5km of a water source under 

average climatic conditions. These artificial waterholes help alleviate the effects of water shortage and 

variability for wildlife conservation. However, modifying the hydroperiod of HNP aquatic ecosystems might 

have profound effects on their functioning and change the driving factors. HNP is surrounded by communal 

areas and a forest reserve. It is therefore a very interesting site to explore the effects of WLF and land use on the 

physico-chemical characteristics of water. The objectives of the present study were therefore (1) to monitor 

natural and artificial waterholes in HNP and the neighbouring forest reserve and dams in the communal area 

over the course of a year; (2) to investigate the underlying factors driving the physico-chemical characteristics 

of waterholes and dams; (3) to study whether these factors change with the seasons; and (4) to examine whether 

the physico-chemical characteristics of waterholes and dams differ according to their location (i.e., inside the 

park, in the communal or forestry areas) and their pumping status.  
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Figure 1. Map of Hwange National Park and its surroundings (insert: location of the park in Zimbabwe) and the pumped 

and unpumped, natural pans monitored in this study. 

 

METHODS 

Study area 

HNP is situated in Matabeleland North Province, Zimbabwe (Fig. 1). It covers an area of about 14,651 km
2 

(Child and Reese, 1977) and is located in a semi-arid region with an average annual rainfall of 650 mm (Dudley 

et al., 2001). The vegetation in most of the park consists of mixed woodland and bushland on Kalahari sands 

(Chamaille-Jammes et al., 2007), especially in the Hwange Main Camp area, the Sikumi Forest, and communal 

areas adjacent to the park where this study was carried out (Fig. 1, Table 1). In the National Park, there is no 

inhabitants and space is devoted to wildlife conservation. Domestic and wildlife coexist in the forest reserve and 

in the communal area but the former is uninhabited.”The rainy season lasts from December to April, with 
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January being the wettest month. The cool dry winter months extend from May to July, and the hot dry months 

from August to November.  
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Table 1. List of the pans sampled, whether they were natural (N) or artificial (A), their location, and the months when 

they were sampled. √ (tick) represents the months sampled and × (cross) the months not sampled. 

Pans (abbreviations) Status Location 
Months sampled 

Fev Mar Apr Jul Sep Nov Dec 

Ballaballa (Bal) N Park √ √ √ √ × × × 

Caterpillar (Cat) A Park √ √ √ √ √ √ √ 

Dom A Park √ √ √ √ √ √ √ 

Dopi (Dop) A Park √ √ × √ √ √ × 

Foster (Fos) A Forestry √ √ √ × × × × 

Ganda (Gan) A Forestry √ √ √ √ √ √ √ 

Guvalala (Guv) A Park √ √ √ √ √ √ √ 

Jambile Artificial 
(JamArt) 

A Park √ √ √ √ × √ √ 

Jambile Natural 
(JamNat) 

N Park √ √ √ × × × × 

Jwapi N Forestry √ √ √ √ × × × 

Kennedy 1 (Ken1) A Park √ √ √ × √ √ √ 

Kennedy 2 (Ken2) A Park √ √ √ √ √ √ √ 

Livingi (Liv) A Park √ √ √ √ √ √ √ 

Mabuyamabema 
(Mab) 

N Park √ √ √ √ √ × × 

Magoli (Mag) N Communal √ √ √ × × × × 

Mahule (Mahu) N Forestry √ √ × × × × × 

Makwa (Mak) A Park √ √ √ √ √ √ √ 

Mambanje (Mamb) N Communal √ √ √ × × × × 

Marist (Mar) N Communal √ √ √ √ √ √ √ 

Mazibomvu (Maz) N Forestry √ × √ √ × × × 

Nengasha (Nenga) N Communal √ √ √ √ √ √ √ 

Ngwenya N Park √ √ √ √ × × × 

Ngweshla Artificial 
(NgweArt) 

A Park √ √ √ √ √ √ √ 

Ngweshla Natural 
(NgweNat) 

N Park √ √ √ √ √ × √ 

Nyamandlovu (Nyam) A Park √ √ √ √ √ √ √ 

Safari lodge (Saf) A Forestry √ √ √ √ × √ √ 

Sedina (Sed) N Park √ √ √ × × × × 

Silewu (Sil) N Communal √ √ √ √ √ × × 

Tchabema (Tchab) A Park √ √ √ √ × × √ 

Tshebetshebe (Tsheb) A Park √ √ √ × × × × 
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Waterholes in HNP and in the forestry and communal areas are depressions that are fed during the rainy season 

by rainwater runoff; we refer to them as pans (Fynn et al., 2015).  

Some natural pans in the communal area are dammed up to store water; we refer to them as dams. Artificial 

pans are fed by groundwater during the dry season and are found in the park and forestry area. The surface area 

of dams found in the communal area ranged from 21,903 m
2
 during the rainy season to 531 m

2 
during the dry 

season if they did not dry up completely, while the natural and artificial pans in the park and forestry area 

ranged from 26,788 m
2
 during the rainy season to 453 m

2 
during the dry season, or 0 m² for natural pans that 

dried up. Both the dams and water pans were very shallow, with a depth not exceeding 3 m during the rainy 

season, while the natural water bodies retained water for only 3 to 6 months.  

 

Sampling and analysis procedures 

Sampling was carried out over seven months during the wet (February, March, April, and December) and dry 

(July, September, and November) seasons in 2013. Thirty pans were selected to represent a diversity of artificial 

and natural pans with or without vegetation, and located inside or outside the park. These comprised 5 dams 

from the communal lands (Hwange communal area and private area), 5 pans in the forestry area (Sikumi 

Forest), and 20 pans in the Hwange Main Camp and Sinamatella area (Fig. 1, Table 1). 

Water samples were taken before 12h00 so as to standardise sampling and minimise variability in the time of 

day. The following variables were measured in situ near the shoreline of the pans and dams with a YSI 6600 VZ 

Multiparameter Water Quality Sonde: dissolved oxygen (DO), pH, conductivity (Con), total dissolved solids 

(TDS), turbidity (Tur), chlorophyll a (Chl a), and phycocyanin (PC). Water samples for laboratory analysis 

were collected on site and stored in ice in one-litre polyethene bottles. An assessment of vegetation cover was 

made using the following arbitrary scale: 0% = absent, 25% = one-quarter coverage, 50% = half coverage, 75% 

= three-quarter coverage, and 100% = full coverage of the waterhole. Suspended matter (SM) was measured by 

filtering a known volume of water over pre-weighed GF/F 47mm filters, drying the filter at 105°C for 24 hours, 
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and then measuring the difference in mass before and after filtration. Chemical variables were determined with 

a HACH DR 3900 portable data logging spectrophotometer and reagents. Total nitrogen (TN) and total 

phosphorous (TP) were determined from unfiltered water samples, while filtered samples were used to 

determine total organic carbon (TOC), hardness, calcium, magnesium, nitrate, nitrite, and ammonia 

concentrations in accordance with the manufacturer’s manual (HACH DR/3900 manual, 2011).  

 

Statistical analysis  

This study aimed to explore the factors driving the functioning of pans, determine whether these factors change 

with the seasons, and ascertain whether the pans’ functioning differs according to their location (inside the park, 

in the communal or forestry areas) and pumping status (natural or artificial). To respond to these questions, 

multiple factorial analysis (MFA) (Escofier and Pages, 1994) was applied to the dataset comprising monthly 

variables in order to assess the general structure of the data and determine the relationships between the 

monthly data and variables structuring these relationships. MFA allows the use of qualitative and quantitative 

variables. Consequently, the location and pumping status of the pans were included in the MFA as qualitative 

variables and all other parameters as quantitative variables. In total, 30 pans were monitored. However, 

occasionally, some pans could not be sampled for technical reasons, while natural pans dried up during the dry 

season (for an overview, see Table 1). For these reasons, two MFAs were conducted: one on a dataset restricted 

to the wet season (February, March, and April) involving 27 pans and another on a dataset limited to the 10 

pans that did not dry up during the dry season. The numerical analysis and preparation of figures were carried 

out using software R (R Development Core Team, 2008), version 3.1.1. MFA was conducted using the 

FactoMineR package (Husson et al., 2015), version 1.29. Due to missing values in our data, the missMDA 

package (Husson and Josse, 2013), version 1.7.2, was used to impute the missing values.  
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Figure 2a-f. Boxplots of pH, conductivity, water hardness, salinity, calcium, and magnesium measured in the pans at 

different months. The horizontal line, the top, and the bottom of the box represent the median, the 25
th
, and the 75

th
 

percentiles, respectively. The vertical dashed lines (whiskers) represent the minimum or maximum value or, in presence 

of outliers (open circles), the interquartile range of the data multiplied by 1.5. The width of the box is proportional to the 

number of pans.  

 

RESULTS 

Seasonal variation in physico-chemical parameters 

The tested water pH ranged from 6 to 9.94 (Fig. 2a). Conductivity increased from the rainy season to the dry 

season, while its levels at all sites were generally high. Variability between the pans was low during the wet 

season (0 – ca 1 mS/cm), later increasing from July to November (0 – ca 5 mS/cm). Similarly to conductivity, 

there was a corresponding increase in salinity (Fig. 2d) from the rainy to dry months of the year. Even though 
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most values were within acceptable ranges of less than 1 ppt, some of the values were saline. There was a 

steady increase in water hardness from February to September 2013 (Fig. 2c). Water hardness was associated 

with calcium (Fig. 2e) and magnesium (Fig. 2f) ions. Calcium, however, mostly determines the trend of water 

hardness for the year 2013.  

Turbidity levels were highly variable, ranging from 50 NTU to 600 NTU with values rising to 1200 NTU (Fig. 

3a). Turbidity was also low during the rainy season, increasing from April to December. The high variability in 

turbidity between sites should be noted during the dry season. Similarly to turbidity, suspended matter (Fig. 3b) 

also increased during the dry season. Values generally ranged between 0 to 8 g/L, even though outliers reached 

up to 13 g/L in September. DO (Fig. 3c) values were highly variable despite a decrease from the rainy to the dry 

season. TOC (Fig. 3d) gradually increased from the rainy to the dry season with values ranging from 3 mg/L 

during the wet months to approximately 55 mg/L during the dry season. Variability between sites was greater 

during the dry season as compared to the rainy season. 

 

Figure 3a-d. a. Turbidity (NTU: nephelometric turbidity unit); b. Suspended matter (SM); c. Dissolved oxygen (DO, in % 

saturation); d. Total organic carbon concentration (TOC) recorded between February and December 2013. Figure legend 

as in Figure 2. 
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Figure 4a-f. Nutrient concentration recorded between February and December 2013. a. Total nitrogen; b. Ammonium; c. 

Nitrate; d. Nitrite; e. Total phosphorus (TP); f. Reactive phosphorus (RP). Figure legend as in Figure 2. 

 

There was a very subtle increase in total nitrogen (Fig. 4a) with a minimum variability observed except for the 

month of September; all monthly values were within 20 mg/L, excluding September when total nitrogen went 

up to about 70 mg/L. Between September and December, there was a high variability in ammonium 

concentration, which reached very high values (up to 21 mg/L) (Fig. 4b). Nitrate concentrations were not 

predictable as shown in Figure 4c. In contrast, nitrite concentrations (Fig. 4d) were fairly constant as compared 

to nitrate concentrations. Phosphorous concentrations were between 0 to 2.5 mg/L for TP (Fig. 4e).  
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Figure 5a-c. Chlorophyll a and Phycocyanin (Chl a and PC, respectively) and aquatic macrophyte abundance (% of 

vegetation cover) recorded between February and December 2013. Figure legend as in Figure 2. 

 

There was no change (Fig. 5a) in chlorophyll a concentration between the different months in our study. 

Chlorophyll a concentrations generally ranged from 0 to around 300 µg/L, even though there were a few 

outliers, which reveal phytoplankton blooms at five sites (Kennedy 1, Kennedy 2, Guvalala, Nyamandlovu and 

Makwa). Subtle variations were observed in PC concentrations as shown in Figure 5b, but very high densities 

indicated blooms of cyanobacteria in April, July, and December. Figure 5c shows the trend for aquatic 

macrophytes for the year 2013. The results reveal the diversity of water reservoirs during the wet season, either 

with or without vegetation. As pans dry out, vegetation consequently disappears, only remaining in a few pans 

that retain water throughout the year. 
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Figure 6. Correlation circles of the MFA of the wet season. Group variables are in blue for February (F), red for March 

(M), and black for April (A). Only significant variables are represented. The abbreviations (see the text) are followed by 

the first letter of the corresponding month. 

 

Multifactorial analysis of the wet season 

MFA was conducted on data measured in 27 pans during the wet months (February, March, and April). The 

first two dimensions of the MFA explained 32.57% of the total variance. The parameters that significantly 

correlated with the first dimension (19.17% of the total variance) were suspended matter, chlorophyll a and total 

nitrogen concentrations, turbidity, and conductivity for the three months, phycocyanin concentration for 

February and March, and hardness, reactive phosphorus and nitrite concentrations for February alone, total 
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organic carbon concentration for April (Fig. 6, Appendix 1). These parameters were negatively associated with 

the presence of vegetation in and around the pans during these three months and high DO concentration in 

February and March (Fig. 6). This homogeneity in parameters regarding the first dimension is summarised in 

the group representation (Fig. 7) in which the months have the same relative position and make a similar 

contribution to the first dimension in the MFA (Table 2, contribution to the dimension 1). Pumping status, 

included in the MFA as a qualitative value, was not significantly correlated with the first dimension. However, 

pans that were artificially maintained with pumped water during the dry months tend to be associated with 

positive values of the first dimension, while natural pans tend to be associated with negative values (Fig. 8). The 

location of the pans, also included in the MFA, was not significantly correlated with the first dimension. The 

first dimension of the MFA suggests a distinction between highly conductive, turbid pans with a high 

abundance of phytoplankton and soft, clear pans with macrophytes and a low abundance of phytoplankton 

during the wet season.  

a.        b. 

   

Figure 7. Groups and the qualitative variable representation on dimensions 1 and 2 of a) the wet season MFA and b) the 

2013 MFA. 
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Table 2. MFA of the wet season. The table gives (1) the correlations between the months and qualitative (Quali) 

variables, and between the months and qualitative variables and the MFA for the wet season; (2) the contribution of the 

months to the MFA for dimensions 1 (Dim1) and 2 (Dim2). 

 

Correlations Contributions 

 

February March April Quali MFA Dim1 Dim2 

February 1.00 0.61 0.44 0.15 0.78 31.73 18.00 

March 0.61 1.00 0.55 0.18 0.86 36.68 40.24 

April 0.44 0.55 1.00 0.16 0.84 31.59 41.76 

Quali 0.15 0.18 0.16 1.00 0.20 - - 

 

 

Figure 8 Individual factor map of the MFA of the wet season with natural (N) and artificial (A) pans in blue and black, 

respectively. “N” and “A” are the barycenters of the natural and artificial pans. 
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During the wet months, the parameters with a significant positive correlation to the second dimension (13.40 % 

of total variance) were turbidity for the three months, suspended matter and total nitrogen concentrations for 

March and April, total organic carbon concentration for March, and pH and DO concentration for April. These 

parameters were negatively associated with high conductivity for the three months and hardness for February 

and March (Fig. 6, Appendix 1). 

With the second dimension, the group of pans with turbid and hard water is divided between turbid pans with 

high suspended matter and total nitrogen concentrations and those with hard water and a high abundance of 

phytoplankton. The contributions of these groups are heterogeneous, with a higher contribution in March and 

April compared to February (Table 2, Fig. 7a). The distinction between turbid and hard water pans relies more 

on the dynamics of the pans at the end of the rainy season (i.e., March and April) than the mid-season (i.e., 

February). The correlation coefficients (Table 2) measure the extent to which the months are related to each 

other and to the MFA. The results (Table 2) show that February and March are more correlated to each other 

than are March and April, and finally February and April, which is in line with the progression of the season. 

The third dimension explained 9.22% of the variance and is not represented. 

 

Multifactorial analysis of the 2013 data 

MFA conducted on the 10 pans that retained water during the dry season shows that the first two dimensions 

explain 44.63% of total variance, while the third dimension 12.61% (not shown). Similarly to the MFA of the 

wet season, the main parameters that were significantly correlated with the first dimension (25.42% of total 

variance) were conductivity for the seven months (Fig. 9, Appendix 1). Other parameters that were significantly 

and positively correlated with the first dimension and shared by several months are hardness, TOC, and TN 

concentration. Nitrite, ammonium, SM, and PC concentrations as well as pH are also positively correlated with 

the first dimension but are less homogeneous between months (Fig. 9, Appendix 1).  
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Figure 9. Correlation circles of the MFA of the 2013 dataset. Group variables are in orange for February (F), blue for 

March (M), red for April (A), green for July (J), grey for September (S), purple for November (N) and black for 

December (D). Not all of the variables are represented. See text for variables’ abbreviations. 

 

Vegetation, which was not present in all pans as it dies out with dryness, was negatively correlated with the first 

dimension in February, March, September, and November as was DO concentration in September (Fig. 9, 

Appendix 1). The results suggest again dissimilarities between pans with hard water rich in ions, TN, and TOC 

and those with vegetation. The contributions of the groups, i.e. months, were homogeneous (Fig. 7b, Table 3). 

The second dimension (19.21% of the total variance) was mainly characterised by Tur and SM concentration 

for positive values, and hardness and PC concentrations for negative values. 
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Table 3. MFA of the 2013 dataset. The table gives (1) the correlations between the months, and between the months and 

the MFA; (2) the contribution of the months to the MFA dimensions 1 (Dim1) and 2 (Dim2). 

 Correlations Contributions 

 

Feb March April July Sept Nov Dec MFA Dim 1 Dim 2 

Feb 1.00 0.60 0.74 0.66 0.65 0.71 0.73 0.84 12.94 14.27 

Mar 0.60 1.00 0.76 0.63 0.63 0.72 0.60 0.83 14.05 11.99 

April 0.74 0.76 1.00 0.65 0.66 0.71 0.61 0.87 13.26 19.48 

July 0.66 0.63 0.65 1.00 0.78 0.82 0.70 0.87 16.79 10.29 

Sept 0.65 0.63 0.66 0.78 1.00 0.76 0.59 0.84 13.07 12.09 

Nov 0.71 0.72 0.71 0.82 0.76 1.00 0.70 0.90 16.69 16.07 

Dec 0.73 0.60 0.61 0.70 0.59 0.70 1.00 0.83 13.22 15.81 

 

This second dimension differentiates pans that experienced cyanobacterial blooms that tend to be associated 

with hard water and turbid pans. The contribution of the different groups (months) to this dimension is more 

heterogeneous than for the first dimension, with April having the highest contribution and July the lowest (Fig. 

8b, Table 3). The months’ contributions to dimensions 1 and 2 and the correlations between the months do not 

follow the seasons or differ between wet and dry seasons. 

 

DISCUSSON 

Our results show a strong seasonal variability in conductivity, hardness, turbidity, as well as calcium, 

magnesium, suspended matter, total organic carbon, total nitrogen, and ammonium concentrations. Values are 

low during the rainy season and increase during the dry season. An increase in conductivity and salinity was 

also observed in pounds in Southern Africa (de Klerk et al., 2012, Koning and Roos, 1999, Pettit et al., 2012, 

Roos and Pieterse, 1995). Low Con during the rainy season is due to the dilution effects of rainfall, while 
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decreasing water levels during the dry season have a concentrating effect on dissolved ions in the water (de 

Klerk et al., 2012, Pettit et al., 2012). This concentration effect may be exacerbated by groundwater pumped 

into artificial pans. Measurements of ground water at the opening of the pump in October 2014 show high water 

Con for some pans (Dopi: 952 µS.cm
-1

; Safari Lodge: 1.365 mS.cm
-1

; Nyamandlovu: 1.369 mS.cm
-1

; Guvalala: 

8.549 mS.cm
-1

). Water hardness shows the same trend as Con and is also due to the concentration of calcium 

ions with water evaporation. Unfortunately, we did not measure pumped water hardness or calcium and 

magnesium concentrations. It was previously suggested that pumping water into most arid protected areas has 

produced more negative than positive results (Redfern et al., 2005). In addition to vegetation trampling 

throughout the year and increasing prey predation around waterholes (Illius and O'Connor, 2000), pumping may 

induce the deterioration of water quality through contamination from saltwater intrusion, a major concern in 

semi-arid and arid environments (Borrok and Engle, 2014). 

Our results show high Tur levels with an increase during the dry season, which is contrary to the results of 

Koning and Roos (1999) who demonstrated higher Tur levels during the rainy season. Their findings were 

explained by the inflow of rainfall into the ecosystem. Rainfall discharge caused the resuspension of silt 

molecules in the water. In HNP, the increase in Tur seems to be related to the increase in mega fauna activity 

around the remaining water bodies during the dry season (Chamaille-Jammes et al., 2007, Mukwashi et al., 

2012). In addition to fouling with faeces and urine, domestic and wild fauna may also induce bioturbation, 

which results in organic matter and sediment resuspension, and reduces water clarity. Fouling with dung is also 

observed, for instance, with feral dromedary camels in Australia (McBurnie et al., 2015). Unsurprisingly, DO 

levels were highly variable between pans. Oxygen concentration increases with photosynthesis, lower 

temperatures, and water stirring, while it decreases with a high concentration of decomposing organic material. 

In addition, Tur reduces light penetration into the water; hence, photosynthesis is reduced, resulting in low 

oxygen levels, while the presence of organic matter implies that oxygen is depleted in its breakdown. Pans with 

a high abundance of phytoplankton or vegetation cover had higher oxygen saturation levels than turbid pans. 

The variability of oxygen levels between pans and throughout the year reflects the diversity of pans. 
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The concentrations of soluble reactive phosphorus and inorganic nitrogen (ammonium, nitrate, and nitrite) 

exceed 5 µg/L and 300–500 µg/L, respectively. Our results suggest an eutrophication of waterholes in HNP and 

its periphery, which are characterised by high densities of phytoplankton, including blooms of cyanobacteria in 

some pans (Msiteli-Shumba et al., submitted). Despite the presence of the nutrient-poor Kalahari sands that are 

distinctive of HNP and its surrounding areas (Chamaille-Jammes et al., 2007, Mukwashi et al., 2012), the 

observed results show very high nutrient values in water during the dry season. As suggested above, the high 

nutrient values may be due to the increase in the number of ungulates visiting the remaining water sources 

during the dry months (Chamaille-Jammes et al., 2007, Valeix et al., 2007). Our findings have also been 

observed in protected areas (Chaichana et al., 2010, Gereta and Wolanski, 1998) where excessive levels of 

nutrients in water indicate the contamination of the ecosystem.  

MFA of the parameters during the wet season opposes the pans with clear, soft water and a high coverage of 

vegetation to the turbid pans with hard and electrolyte-rich water and a high abundance of phytoplankton. This 

distribution of pans along the axis defined by the abovementioned parameters tends to follow the separation of 

natural and artificial waterholes, suggesting an important effect of pumping on the diversity of pans’ 

functioning. This effect depends on the chemistry of the pumped water among multiple factors. MFA for the 

seven sampling months confirms the importance of Con, hardness, Tur, and vegetation cover in explaining the 

diversity of waterholes. Tur with high concentrations of free nutrients confirms the important role played by 

wild and domestic fauna in terms of nutrient inputs and bioturbation, which increase during the dry season. 

Within the pans showing high Tur, we could distinguish a gradient from pans with high SM to those with high 

phytoplankton abundance. Overall, the analyses suggest alternating states between clear and turbid water in 

these semi-arid ecosystems (Meerhoff et al., 2012). 

The effect of location or land use was not significant in our research, as it was in small dams in the Mzingwane 

catchment and Matopos National Park in Zimbabwe (Basima et al., 2006). As land use is not intensive in the 

HNP periphery, this result is not surprising. 
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In this study, we addressed the importance of WLF among different drivers in aquatic ecosystems in a semi-arid 

region. The natural cycle of WLF in about half the studied pans is modified by the pumping of ground water. 

The analyses do not show a strong distinction between natural, temporary pans on the one hand and artificial, 

permanent ones on the other. Instead, a distinction between pans with clear water and vegetation and those with 

turbid water and high phytoplankton abundance is revealed in accordance with the classical model of 

alternatives states in shallow lakes (Scheffer, 1998). One might expect that heavy trampling around the pans by 

megafauna, in particular elephants, will preclude macrophyte growth. However, permanent pans such as Ganda, 

Jwapi, and Jambile Artificial still have macrophytes during the dry season despite being frequented. Further 

studies should identify macrophyte species and their resistance to trampling. The history of pans especially in 

terms of pump installation and soil properties like compaction could also explain the development or local 

extinction of macrophytes. As expected, our results show that water becomes harder and more conductive in 

winter with the decreased water volume. The change in WLF might worsen this process with the filling of ion-

rich ground water and eutrophication due to the concentration of wild and domestic fauna. Hard and conductive 

water is also nutrient-rich according to our analyses. Therefore, measures of terrestrial wildlife conservation 

with the pumping of water in selected pans are also strong drivers of aquatic ecosystems in and around HNP. 

However, the conversion of temporary pans into permanent ones is a risky situation for species adapted to these 

threatened ecosystems (Blaustein and Schwartz, 2001). 
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Appendix 1 

Description of the dimensions 

 

MFA on the wet season 

 

Dimension 1 

 

    correlation p.value 

SM F 0.7638 0.0000 

TN F 0.6903 0.0000 

Tur F 0.6883 0.0000 

SM M 0.6834 0.0000 

Tur M 0.6643 0.0001 

Hd M 0.6224 0.0002 

TN A 0.6114 0.0003 

Con M 0.6048 0.0004 

RP F 0.6015 0.0004 

TN M 0.5771 0.0008 

PC F 0.5760 0.0009 

Chl A 0.5689 0.0010 

Tur A 0.5396 0.0021 

Hd F 0.5323 0.0025 

SM A 0.5124 0.0038 

Con A 0.4807 0.0072 

Chl F 0.4767 0.0077 

Con F 0.4741 0.0081 

NO2 F 0.4235 0.0197 

PC M 0.4187 0.0213 

TOC A 0.4045 0.0266 

Chl M 0.3923 0.0320 

DO F -0.3731 0.0423 

DO M -0.3754 0.0410 

Veg A -0.4954 0.0054 

Veg M -0.5716 0.0010 

Veg F -0.6103 0.0003 

 

 

Dimension 2 

 

    correlation p.value 

TOC M 0.6622 0.0001 

SM M 0.5695 0.0010 

pH A 0.5670 0.0011 

TN M 0.5236 0.0030 

Tur F 0.5016 0.0047 

Tur M 0.4904 0.0059 

DO A 0.4737 0.0082 

TN A 0.4584 0.0108 

SM A 0.4228 0.0199 

Tur A 0.4094 0.0247 

NO3 F 0.3722 0.0428 

Chl A -0.3699 0.0442 

NO3 M -0.3794 0.0387 

PC M -0.3976 0.0296 

Hd M -0.4004 0.0284 

NO2 F -0.4439 0.0140 

Hd F -0.4849 0.0066 

Con M -0.5751 0.0009 

Con F -0.5979 0.0005 

Con A -0.7253 0.0000 
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MFA on the 2013 dataset 

 

Dimension 1 

 

    correlation p.value 

Con A 0.9324 0.0001 

TN N 0.9242 0.0001 

Hd J 0.9039 0.0003 

TN D 0.9028 0.0003 

TN J 0.8889 0.0006 

Hd M 0.8694 0.0011 

Con M 0.8352 0.0026 

Hd S 0.7845 0.0072 

Con S 0.7797 0.0078 

TOC J 0.7744 0.0085 

Con J 0.7731 0.0087 

NH4 N 0.7653 0.0099 

Con D 0.7564 0.0113 

Con N 0.7449 0.0134 

Con F 0.7287 0.0168 

pH M 0.6987 0.0246 

TOC A 0.6946 0.0258 

NO2 F 0.6792 0.0308 

Hd F 0.6755 0.0321 

TOC N 0.6698 0.0341 

NO2 S 0.6545 0.0400 

SM F 0.6534 0.0405 

TOC S 0.6515 0.0413 

PC F 0.6497 0.0420 

RP F 0.6356 0.0483 

Veg S -0.6349 0.0486 

Veg N -0.6441 0.0444 

DO S -0.6808 0.0302 

Veg M -0.6946 0.0258 

Veg F -0.7394 0.0145 

 

 

 

 

 

 

Dimension 2 

 

    correlation p.value 

SM N 0.8076 0.0047 

TN F 0.7964 0.0058 

Tur F 0.7752 0.0084 

NO3 M 0.7369 0.015 

Chl N 0.7148 0.0202 

NO3 J 0.7147 0.0202 

NO2 D 0.7098 0.0215 

SM F 0.6962 0.0253 

Tur J 0.6921 0.0266 

SM S 0.6776 0.0313 

RP F 0.67 0.034 

Tur M 0.6473 0.043 

PC J -0.6354 0.0483 

Chl S -0.6929 0.0263 

RP M -0.7126 0.0207 

PC S -0.7243 0.0178 

Hd N -0.7557 0.0115 

pH A -0.7749 0.0085 

Hd D -0.8115 0.0044 

DO A -0.8246 0.0033 

 

 


