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Abstract

:

Annual precipitation inputs to the Lake Mweru basin, Zambia, were computed from historic data and recent gridded data sets to determine historic (1925–2013) changes in lake level and their potential impacts on the important fisheries of the lake. The results highlight a period from the early 1940s to the mid-1960s when interannual variability of inputs doubled. Existing lake level data did not capture this period but they did indicate that levels were positively correlated with precipitation one to three years previously, reflecting the hydrologic storage of the lake, the inflowing Luapula River and the upstream Bangweulu wetland complex. Lag cross-correlations of rainfall to El Niño-Southern Oscillation (ENSO) and the Indian Ocean Dipole were weak and spatially and temporally discontinuous. The two drivers were generally positively correlated and induced opposing effects upon annual precipitation and lagged lake levels. This correlation became non-significant during the time of high observed interannual variability and basin inputs were prone to the vagaries of either driver independently or reinforcing drought/excess conditions. During times of high flows and persistent elevated lake levels, breeding habitat for fish increased markedly, as did nutrition supplied from the upstream wetlands. High hydrologic storage ensures that lake levels change slowly, despite contemporary precipitation totals. Therefore, good conditions for the growth of fish populations persisted for several years and populations boomed. Statistical models of biological populations indicated that such temporally autocorrelated conditions, combined with abundant habitat and nutrition can lead the “boom and bust” of fish populations witnessed historically in Lake Mweru.
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1. Introduction


The diversity and abundance of species available in the allotropic fishery of Lake Mweru are significant to local, national and international markets [1,2,3]. The serially autocorrelated nature of lake inputs resulting from precipitation and the large upstream Bangweulu wetland complex have profound effects on the delivery of nutrients and the availability of habits in the lake. Such temporal (hydrologic and nutrient inputs) and spatial (habitats) correlations are key factors [4] producing apparent erratic ecosystem behavior or “surprises” [5], with marked interannual variations in fish stocks.



The lake and its contributing area constitute the most southeasterly tributary of the Congo basin. Despite the Congo’s impacts on deep tropical convection [6], continent-atmosphere interactions [7], ocean-atmosphere interactions and regional climates [8], little is known about the dynamics of the climate over the region [9]. The Mweru basin lies on the margin of influences from the Atlantic and Indian Oceans [9], juxtaposed to the East African Highlands and Rift Valley, and beneath the annual passage of the Inter-tropical Convergence Zone (ITCZ) [10]. Despite the growing interest in the hydroclimatology of the Congo [6,8,11,12,13,14], the peripheral nature of the Mweru and the paucity of historic records have resulted in its climatological characteristics being subsumed into larger geographic regions (for example, [14,15]).



The objectives of this paper were (a) to estimate historic annual precipitation inputs to the basin using station records and more recent satellite-based observations, (b) to compare inputs to limited available lake level records, (c) to identify periods of changed precipitation characteristics, and (d) to link any interannual and interdecadal variability to potential large-scale drivers of regional climate.




2. Study Area, Climate Drivers and Data


The basin (Figure 1), occupying 177,000 km2 in the southeastern Congo basin, consists of a series of rectilinear blocks on the western rim of the East African Highlands. The Chambeshi River gathers water from the north at over 1700 m, disgorging southwestwards into 9000 km2 of the Bangweulu wetlands. The Luapula River exits from the wetlands over the plateau lip before flowing northwest to a long (100 km) delta at the southern end of Lake Mweru. The delta occupies between 1500 and 2400 km2 known as the Kifakula Depression, with scattered permanent lagoons. Lake depth varies from 3 m in the southeast, to 37 m in the northwest, near the outlet to the Luvua River [16].



The dominant driver of intra-annual variability of precipitation is the migration of the ITCZ [6,7,8,9,10,11]. To the south and east, the precipitation regime is highly seasonal, with as much as 70% of the mean annual total (Figure 2) falling in the wettest triad (generally Dec, Jan, F). This figure drops below 50% in the northwest, where the more bimodal pattern of much of the Congo basin prevails. The southern African Easterly Jet (AEJ) and the Tropical Easterly Jet (TEJ) [9] also play important regional roles. The mid-tropospheric AEJ results from the contrast of hot dry (south) and humid equatorial (north) conditions and steers African Easterly Waves and mesoscale convective storms (MCS) across the study area [17,18,19]. The upper level exit region of the TEJ over eastern equatorial Africa during austral summer enhances surface convection [18]. The wettest conditions are associated with synchronous southern displacement of the ITCZ and AEJ, and a northern displacement of the TEJ, conjoining over the basin [9].



The basin lies between two established poles, of opposing responses to El Niño-Southern Oscillation (ENSO) [20]—southeast Africa and equatorial East Africa. The nature and strength of the linkage between ENSO and East African precipitation undergoes interdecadal change governed by atmosphere–ocean exchanges over the Indian Ocean [21,22,23,24,25,26,27]. The Indian Ocean Dipole (IOD) and the Southern Indian Ocean Dipole (SIOD) have been proposed to represent these interactions [24,28,29,30,31,32,33,34].



Atlantic moisture can penetrate as MCSs within the southwest monsoonal flow as far as the eastern Congo basin [35,36,37], enhanced by a strong mid-tropospheric EAJ [38]. Moisture availability may be controlled by pseudo-periodic changes in sea surface temperatures (SSTs) off southwest Africa [39,40]. Years of excess flow in southern Angola correspond to increased precipitation along the general orientation of the ITCZ passing through the Mweru basin [41]. Additional complexity may arise from feedback between outflows from Congo River, SSTs and salinity of the Gulf of Guinea [8], which influence the position of the ITCZ and associated jet streams [19], inter-ocean contrasts in temperatures across equatorial Africa [12], and moisture entering the Congo basin via the West African Jet [9].



The monthly precipitation totals from 67 stations lying within a rectangle (7°–14° S, 26°–33.5° E) describing the basin are available from the Global Historic Climate Network of the National Climate Data Center [42]. As the precipitation regime displays a strong austral summer maximum (Figure 2), data were aggregated over a water year running from July to June. Only water years returning twelve complete monthly records were considered. The period 1925 to 1986, during which at least 30 stations reported complete records, was initially examined. Kriged surfaces were fit to the data points available each year, volume under the surfaces within the basin extracted, and the average depths of precipitation computed (Figure 3).



Additional rainfall estimates (1986–2014) were extracted from the gridded African Rainfall Climatology version 2 (ARC2) [43]. All data processing was completed in R using the ‘raster’ package [43]. After reading, daily raster layers were stacked in individual monthly rasters and then were summed to create annual water year totals for all of the grid cells in the study area [44]. The extended Multivariate ENSO Index (MEI) was used to indicate ENSO phase because of its historic extent and the number of variables involved [45]. The MEI and monthly Dipole Mode Index (DMI), used to indicate the state of the Indian Ocean [46], were computed based on the water year, and lake levels, 1953–1986, were extracted from [16]. The decades over which lake level data are available cover decades of important social change in Zambia. Changes in land use/land cover in parts of the basin may have altered rainfall/runoff relationships. However, no such association was noted [16] and preliminary analysis of the lake level data revealed no marked changes other than those accounted for by annual precipitation input.



Analytical methods were limited to variants of correlation, including serial autocorrelation within the time series of variables, and lag cross correlations between time series.




3. Results


3.1. Temporal Variability


Figure 3 evinces a consistent mean annual input of about 1240 mm, and considerable inter-decadal variability. A two-sample F-test revealed that variances during the first and last periods were significantly different from that of the intervening one. All tests were performed at the 0.05 level unless otherwise stated. Appropriate (equal/unequal variances) t-tests of means showed no significant difference between periods. According to a non-parametric test using the hypergeometric probability distribution, the probability of observing at least seven of the wettest years in the period 1943–1965 at random was 0.013, and that of finding at least six of the driest is 0.064, supporting the notion of increased interannual variability during this period. Significant autocorrelation of inputs (Figure 4) occurred at lags of three (negative) and five (positive) years, corresponding to peaks in the spectra of East African rainfall [47,48]. Such variability translates to the delivery of nutrients into Lake Mweru and to the periodic expansion and contraction of wetlands (favorable fish habitats) at the shallow southern end of the lake. This temporally and spatially autocorrelated condition is a prerequisite for rapid and unexpected changes in biological populations [4]. The lag cross-correlogram of lake levels and inputs (Figure 5) shows the two to be out of phase, but positively correlated at lags of one to three years. The large upstream storage of the upper Chambeshi basin, the extensive Bangweulu wetland complex, the Luapula wetlands and the lake itself, comprised a cascade of hydrologic stores attenuating downstream response. The significant cross-correlation at a lag of eight years was equivalent to the positive serial correlation at a lag of five years in the precipitation input series (five-year periodic behavior, plus the two- to three-year lag caused by land-based hydrologic storage). Although not significant, the negative lag cross-correlation at a lag of five years corresponds to the negative serial correlation in the input series at a lag of two years.



The search for teleconnections and their changing nature relied heavily upon the use of correlation. Multiplicity in correlations and autocorrelation structures may lead to spurious results unless corrected appropriately. The recommended corrections were made throughout using a value of k = 3 (precipitation, MEI and DMI) and first order autocorrelations of −0.050, 0.148 and 0.186 respectively [49].




3.2. Potential Drivers


Figure 4 and Figure 5 imply periodic forcing of the input series and lake levels. The significant lags (three to eight years) suggest an impact of ENSO. However only seven of the 67 stations returned significant correlations between annual precipitation and the MEI. This weak, spatially patchy, negative association matches that identified for early season (Oct, Nov, Dec) precipitation [34] and may arise from the basin’s position between two established poles of association with ENSO [20,24,34]. Significant associations between OND precipitation and the DMI occurred mainly in the northeastern part of the basin [34].




3.3. Extension of Precipitation Record


Satellite-derived estimates of precipitation may overcome the paucity of station data after 1986. However, the mean annual precipitation estimated from gridded data (1987–2013) was only 1045.6 mm compared to that from historic data of 1239.4 mm, while standard deviations are comparable (133.6 mm and 142.1 mm) (Figure 6 upper). Similar differences comparing gridded precipitation data sets for East Africa have been noted [27]. Since the research focus was interannual and inter-decadal variability, this bias is potentially correctable by standardizing each portion of the series to its own mean and variance and deriving a combined standardized index of annual precipitation input. Many studies employ a Standardized Precipitation Index (SPI) [50,51,52], which maps the cumulative probability of an appropriate distribution as an equivalent z-score on a standard normal distribution. In this study, annual totals approximate a normal distribution, thus a simple z-score was all that was necessary.



There is no discernible break in the combined standardized series as the data source changes (Figure 6 lower). Serial correlations (Figure 7) in the observed, gridded and combined standardized series yielded similarities, most notably at lag 3. Serial correlation of the gridded data at this lag was similar in magnitude to that of the historic data, although the reduced sample size places it within the confidence limits. A marked difference in the overall pattern of correlations occurred at lag 5, which was significantly positive in the data derived from historic station data (and therefore, also in the combined record), whereas the shorter gridded data set yielded a negative correlation.




3.4. Potential Changing Impacts of Drivers


The different autocorrelation structure of inputs in the most recent period (gridded data) (Figure 7) might reflect a changing interaction between the IOD and ENSO in East Africa [24,28,29,30,31,32,33,34]. Lag-cross correlations between the standardized precipitation index and the DMI and MEI were viewed through a 21-year sliding window (Figure 8). Fifteen lags were employed from +7 (precipitation precedes ocean atmosphere index) to −7 (precipitation follows the index) to amply ensure that associations at all feasible lags were captured.



A small number of significant associations between the DMI and precipitation emerged, but the majority of significant associations occurred in precipitation following MEI at lags of one to three years. However, the sign of the relationship with MEI changed through the record. Positive associations prevailed during the period of high interannual variability. Negative associations emerged in the 1970s and 1980s, and possibly most recently.



Alone, these observations do not explain the unusually high interannual variability; however, changing interactions between MEI and DMI are a possibility. Figure 9 indicates that over the period of available indices (1871–2014), the correlation structure, derived using a similar 21-year window, was significantly negative at lag zero with a discontinuity between the late 1930s and mid-1960s, and a second lacuna commencing in the late 1990s, both periods of high interannual variability.



When lag 1 correlations between precipitation (Figure 8) and the indices (Figure 9) are considered, a picture emerges (Figure 10). Although periods before 1940 and after the mid-1960s indicate the same correlation between the indices, the nature of their correlation with basin precipitation changed from more positive to negative (most pronounced for MEI). In the former period, cold phases of ENSO (negative MEI) might have induced droughts, while the accompanying positive DMI would have produced a counteracting tendency towards excess rains, and vice-versa. In the latter period, excess rains associated with negative MEI accompanied positive DMI and reduced rains. Therefore, despite the reversal of the signs of association between the indices and basin precipitation from the former (pre-1940) and latter periods (post-1965), the tendencies towards excess or deficit rainfall induced by each index seemed to counteract the effect of the other, i.e., the amplitude of the interannual variability was dampened. From the mid-1940s to the mid-1960s, the correlation between the two indices approached zero and the potential negating effect of the two disappeared, inducing far greater interannual variability, particularly in association with the MEI and ENSO.





4. Discussion


Despite the minimum annual requirement of 30 operating stations, the varying numbers and locations of stations used to estimate basin input were a weakness, as was the change in the estimated mean level of input corresponding to the extension of the record after 1986. However, the stated focus on the temporally changing nature of interannual variability of precipitation rather than mean levels and the apparent agreement of the overall findings with work in a broader continental context serve to alleviate those concerns.



The small sample size of annual precipitation totals prior to the noted shift in interannual variability and the use of the 21-year moving window for correlations make the statements concerning behavior during this period tenuous. However, the period of rainfall observations is placed in historic context as the association between the two indices can be extended back to 1871 (Figure 9), indicating that the mid-1920s to mid-1940s represents the end of a protracted period during which the MEI and DMI were strongly negatively correlated.



The relaxation of the correlation between the two phenomena during the second period mirrors that reported elsewhere [23] and its re-initiation by the 1970s corresponds to the “new type” of IOD [53]. A similar theory of “destructive interference” [32] was invoked to explain changes in patterns of rainfall and photosynthesis across Africa in 1982–2003. Three of the regions studied, “Tanzanian”, “Congo (DRC)” and “SE African”, circumscribe the limits of the Mweru basin without intersecting. The “Tanzanian” and “SE Africa” regions have great sensitivity to ENSO, while the “Tanzanian” and “DRC” show impacts of IOD. Although the geographic limits of a study [48] far exceed those of the Mweru basin, the standardized rainfall departures in Eastern Africa, specifically in the region south of Lake Victoria, demonstrate some of the most extreme values during this period. In southeastern Australia [53], these changes in correlation correspond to the end of a drought from 1935–1945, and the beginning of a shorter drought 1965–1971.



Despite the congruence of the results with those of research in surrounding areas, a satellite-based study of levels of Lake Mweru (1993-99) [54] appears to refute the conclusions; showing levels varying seasonally around a fairly consistent mean, increasing dramatically (1–2 m) in 1998 and decreasing a little in 1999. This pattern is ascribed to “important rainfall” over parts of central east Africa 1997–1998, and refers to supporting research by [55,56]. The gridded data estimates of basin precipitation—raw or standardized (Figure 6)—show contemporary inputs to the Mweru basin approximately two standard deviations below normal.



This apparent contradiction can be primarily explained by the lead-lag relationship observed between annual precipitation and lake levels (Figure 5). Given the significant positive associations between annual input and lake levels one, two and three years later, the rise in Lake Mweru observed in 1998 [54] is more likely to be reflective of precipitation inputs over the period 1995–1997, all of which are above average (Figure 5). The cumulative effect of such a series would result in the 1998 increase in level, even though contemporary input was considerably lower than average. There is also the issue of the comparative scale of fluctuations witnessed 1993–1999. In this short time span, the observed increase of 1–2 m seems extremely large; however, placed in the broader context of 1955–1992 levels [16], such changes do not require the unusually large postulated inputs. One source of supporting evidence [55] examined (a) only basins north and east of Lakes Tanganyika and Malawi and (b) precipitation in ONDJ, yet Figure 2 shows that equally large quantities fall in the Mweru during February and March. The spatial extent of the 1997–1998 excess rainfalls is delimited by a study of monthly (1997–2000) NDVI in East Africa (15° N to 35° S), including the Mweru basin [57]. The impacts on inland regions is limited to north of the equator—in fact, vegetation in the Mweru returns slight (<10%) decreases in NDVI, suggesting drying. The extensive wetlands and moisture storage within the basin may be responsible for buffering the impact of such a drought experienced in southeastern Africa during the major warm phase ENSO of 1997. The passing reference made to the 1997–1998 event [56] suggests that responses of rainfall in areas identified by [55,57] would likely be the opposite of that over the Mweru basin.



Biological populations in a spatially heterogeneous environment can continue to exist even when predation exceeds the rate of reproduction if there is recurrent migration from areas where reproduction exceeds predation [4]. Here, the fish population in the coupled a lake/wetland system of the bathymetric complexity of Lake Mweru and influent Luapula River constitutes the biological population. It continues to exist even when predation by local fishers exceeds rates of reproduction in populations that are not heavily density-dependent (where population growth rates are not limited by such factors as the availability of habitat and food), as there can be periods during which environments which are generally sinks (areas of predation), become transient sources (areas of reproduction). The autocorrelation structure of temporal variations plays an important role in the trajectory of populations in such source and sink systems. In closed populations dominated by density-dependent processes (shortages of habitat/food), the persistence of poor conditions leads to predation and loss of population that cannot be restored during good conditions and possible extinction. Conversely, if the density-dependent processes become less important, autocorrelation produces the opposite impact; population growth in the source areas is not as strictly capped and colonization of the sink zones may exceed predation. Under these circumstances, positive temporal autocorrelation in growth rates can enhance the overall population size in an inflationary effect, while colonization sustains the sink areas during periods of less favorable conditions and the entire population expands rapidly during a series of good years. Under conditions of temporal autocorrelation and inflationary effect, even if all environments are considered long-run sinks (excessive fish capture), populations can be sustained and be inflated rapidly to very high levels [4].



The hydroclimatology of Lake Mweru and its adjoining wetlands of the Luapula River exhibit strong autocorrelation and periodicities. Increases in lake level produce large increases in potential breeding grounds at the gently sloping southern end of the lake and through the flooded wetlands of the Luapula River and Kifakula Depression, which may expand as wide as 14 km [16]. Statistical evidence suggests that such conditions persist up to three years after the rainfall; therefore, suitable habitat availability will not provide a strong density-dependence. The observed lag-cross correlation structure arises partially from the immense upstream storage in the nutrient-rich Bangweulu wetlands. Nutrients are delivered contemporary to the expansion of habitat (sources), further reducing density-dependence and establishing ideal conditions for fisheries to be sustained and even for rapid increases in some populations [2]. The same hydroclimatologic controls act to produce persistent poor years, however, they do not result in the extinction but in wild fluctuations of populations. Such fluctuations and persistence have been ascribed to poor management of the local fishers rather than the basin’s local topography, climatology and hydrology, compounded by periodicities induced by global scale phenomena. These conspire to produce a biological system displaying such characteristics even without human predation.




5. Conclusions


The Lake Mweru basin lies between two well-established regions of opposing “poles” of hydroclimatic response to phases of ENSO and the IOD. Any climatic variability has direct consequences upon lake levels, the availability of breeding habitat, and nutrient supply, which in turn affect the variety and numbers of fish available. The most apparent non-stationarity in annual precipitation input is in the interannual variability, between the early 1940s to the mid-1960s, corresponding to decades in which the association between two external drivers, the MEI and DMI, disappeared. For the bulk of the period 1871–2015, significant negative correlations prevailed and induced opposing effects upon rainfall—“destructive interference” [32]—dampening interannual variability. When that regulating correlation was absent, interannual variability doubled.



Large lakes inevitably produce autocorrelative behaviors in their outflows and levels. The series of cascaded stores present in the basin attenuates interannual variability in flows, delaying the response of Lake Mweru and simultaneously delivering nutrients from the organic-rich wetland. Lake levels display significant correlations with rainfall inputs at lags of between one and three years, suggesting a pseudo-periodicity of seven years.



The hydroclimatology of the basin and the hydrography of the lake and influent Luapula River satisfy the conditions required for wildly fluctuating fish populations. The strong natural periodicity, related to ENSO and the IOD and attenuated by basin storage, introduce the necessary serial (and spatial) autocorrelation in breeding habit and nutrient supply. Under these conditions, biological populations can expand rapidly in sequences of “good” years and retreat during “poor” years, avoiding extinction even though in any one or more of those “poor” years, predation exceeds reproduction [4]. Thus, distant changes in ocean-atmosphere interactions and conditions upstream of the lake itself impinge upon the lives of the local fishers, and external perceptions of (mis)management of this resource.
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Figure 1. Location of the drainage basin feeding Lake Mweru, Zambia. 
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Figure 2. Estimated mean annual precipitation in the Mweru basin, 1925–1986, displaying box and whisker diagrams of monthly historic precipitation at selected sites. The dots represent the fifth and 95th percentiles, the whiskers the 10th and 90th, the boxes the 25th and 75th and the white horizontal bars, the means. 
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Figure 3. Estimated annual precipitation input to the Mweru basin, 1925–1986. The open triangles mark the ten largest inputs and the inverted solid triangles the ten smallest. The black horizontal dashed line represents the long-term mean and the lighter dot-dashed lines the mean +/− one standard deviation. The heavy grey vertical lines delimit three arbitrarily defined periods and their respective means (upper) and standard deviations (lower). 
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Figure 4. Autocorrelogram of annual precipitation inputs to Mweru basin. Upper and lower 95% confidence bound shown as dashed lines. 
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Figure 5. Lag cross-correlation between annual precipitation basin input and lake level. Precipitation leading lake level by the number of years is shown on the horizontal axis. The dotted lines represent the 95% confidence bounds. 
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Figure 6. (Upper) Combined time series of inputs (mm) based on historic station records (closed symbols) and gridded data (open symbols). (Lower) Combined time series once the two data sets were standardized by their respective means and standard deviations. 
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Figure 7. Autocorrelation of estimated annual basin precipitation inputs based on historic station data, gridded data and the combined standardized precipitation index. The significant correlations are shown by filled symbol. 
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Figure 8. Significant lag-cross correlations between standardized precipitation (1925–2013) and the DMI (upper) and MEI (lower) viewed through a 21-year window over lags +7 to −7 years. 
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Figure 9. Lag zero cross correlations between annual DMI and MEI 1871–2015 viewed through a 21-year window. Confidence bounds (95%) around estimated coefficients shown for reference. 
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Figure 10. Bubble plots of DMI, MEI and standardized precipitation during (A) 1925–1942, (B) 1943–1965, (C) 1966–2013, reporting best fit straight lines, intercepts, slopes and correlation coefficients. 
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