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Abstract

:

Patterns of structural change associated with monodominant tropical forest complexes have remained enigmatic for decades. Here, we extend previous efforts in presenting a longitudinal, local-scale analysis of forest dynamics in central Africa. Using four 10-ha census plots measured across three time periods (959,312 stems ≥1 cm DBH), we analyzed changes in a number of biometrical attributes for four distinct forest types capturing the developmental gradient from mixed species forest to Gilbertiodendron dewevrei-dominated forest. We modeled above-ground biomass (AGB), basal area (BA), and stem density across all species, and diameter at breast height (DBH), recruitment, and mortality for Gilbertiodendron dewevrei. We hypothesized that trends in these attributes are consistent with a slow spread of Gilbertiodendron dewevrei into adjacent mixed species forest. We identified statistically significant increases in AGB and BA across sites and positive, though nonsignificant, increases in AGB and BA for most forest types. DBH and relative recruitment increased significantly for Gilbertiodendron dewevrei stems, while relative mortality did not. When looking from mixed species to transitional to monodominant forest types, we found a statistically significant pattern of developmental aggradation and net expansion of monodominant forest. We do not attribute this to atmospheric forcing but to a combination of (a) landscape-scale recovery or response to widespread disturbance (primarily historical fires), (b) Gilbertiodendron dewevrei’s ectomycorrhizal association, and (c) Gilbertiodendron dewevrei’s exceptional stress tolerance traits.
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1. Introduction


The structural dynamics of tropical forests and their relation to species diversity have been a topic of interest for most of a century [3,4,5,6,7,8]. Patterns of forest structure vary biogeographically [1,2,7,9,10,11,12,13,14,15,16,17], and an exceptional pattern is the dominance of a particular tree species or cohort of species in lowland tropical rain forests [15,17,18,19]. Tropical forest monodominance was once viewed as anomalous [6,17,18,20], though we now know that it occurs to varying degrees in all of the major tropical forest regions [16,18,21]. Still, we lack a unified understanding of how these monodominant forests grow and change through time, and on the ways in which structural changes lead to, and promote, monodominance, or vice versa [9,16,21,22,23].



Central Africa’s Congo River basin contains 30% of the world’s tropical forests [1,8], which themselves possess unique structural characteristics among global rain forests [6,10,16]. Compared to comparable forests of South America and Southeast Asia, the Congo basin has lower species diversity [7,15,24], and species diversity also saturates more quickly across space, such that neighboring communities are more similar to one another than in Neotropical or Asiatic counterparts [24]. However, Central African tropical forests also tend to have high carbon density relative to their low species diversity [24] and, therefore, remain a critical repository of forest biomass and continued carbon sequestration [2,8,24,25]. Of particular interest here is that large portions of the Congo basin are characterized by the dominance of Gilbertiodendron dewevrei, a long-lived leguminous canopy species [26] in the Caesalpinioideae subfamily of Fabaceae [10]. Gilbertiodendron dewevrei, hereafter Gilbertiodendron, has captured scientific attention for decades [4,10,13,19,27]. This is in part because of the spatial extent and completeness of its dominance relative to other species, including other canopy species from Caesalpinioideae, such as Julbernardia seretii and Cynometra alexandri [1,6,7,10,19,27].



Landscape disturbance history and drivers of forest structure vary across the Congo basin’s extent [13,15]. Here, we focus on the Ituri rain forest of the Ituri province in northeastern Democratic Republic of the Congo, which exemplifies a mixture of Gilbertiodendron monodominance and mixed species forest assemblages, often with sharp boundaries [10,11]. Some previous research has indicated that Gilbertiodendron-dominated forests may not differ substantially from adjacent mixed species forest communities in stem density or species richness [1], edaphic characteristics [11,12], species diversity as measured over large areas [7,19], above-ground carbon stocks [2], or change in above-ground biomass [21]. However, other research [1,10,13,14,15,18,26] and extensive field experience provide evidence that Gilbertiodendron-dominated forest possesses unique characteristics that both enable it to persist across time and to slowly convert mixed species forest into monodominant forest through a slow successional process.



To expand our understanding of forest dynamics in the Ituri region, we assessed changes in forest structure associated with undisturbed forest free from major human influence, ultimately seeking to understand the manner in which Gilbertiodrendron was or was not responsible for major structural shifts across the landscape. Our primary interest was in evaluating whether Gilbertiodendron was a dominant driver of forest development, as captured by the growth and geographic expansion of monodominant stands in an otherwise species-diverse landscape. We considered forest change using a putative developmental scheme in which a mixed species forest becomes transitional forest and transitional forest becomes Gilbertiodendron-dominated forest. Under this umbrella, we tested the following hypotheses related to forest biometrics and spatial dynamics, supported, in part, by a recent theoretical model of stand dynamics proposed by Hall et al. [28]. Building on earlier efforts [11,14,29], Hall et al. [28] reframed previous conceptual models of Gilbertiodendron stand dynamics into one of resource acquisition and use efficiency. While we do not provide a full test of their framework, the present work offers a partial independent evaluation.



1.1. Hypotheses Related to Forest Structure and Growth


We hypothesized that the highest above-ground biomass (AGB) and basal area (BA) would be associated with Gilbertiodendron-dominated forest (forest types defined below), owing to the species’ stature and dominance relative to competing species, and patterns identified in other studies [7,26]. We also hypothesized that the rates of AGB and BA accumulation would reflect the degree of Gilbertiodendron dominance. We expected to find the highest rates of accumulation in mixed species forest, intermediate rates in transitional forest, and the lowest rates in Gilbertiodendron-dominated forest. This expectation is consistent with Hall et al.’s [28] model in that Gilbertiodendron (a) tends to have high survivorship rates, owing to large seeds and ectomycorrhizal fungal association; and (b) the stand dynamics reveal rapid growth during recruitment and sapling stages, owing to plasticity in light capture [28,29]. Greater light availability in mixed species forest compared to monodominant forest [7,15] would suggest more rapid growth in mixed and transitional forest types.




1.2. Hypotheses Related to Tree Species Composition


We hypothesized that species diversity and stem densities would be lowest in Gilbertiodendron-dominated forest and highest in mixed species forest types; that the relative rates of Gilbertiodendron recruitment would be greatest in mixed species and transitional forest types in which Gilbertiodendron was not already dominant; and that the relative rates of Gilbertiodendron mortality would not increase over time in any forest type. As above, these hypotheses are supported by related efforts in other parts of Central Africa [26,30] and align with Hall et al.’s [28] conceptual model in that greater light availability in mixed species forest mimics, to some extent, gap formation in a mature Gilbertiodendron forest. The greater light levels support an abundance of seedlings, which themselves help to alter the light environments of competitors. Stable or decreasing mortality rates in the face of increasing recruitment would signal a net increase in abundance, consistent with development towards monodominance.




1.3. Hypotheses Related to Development and Geographic Expansion


We hypothesized that the observed changes in forest types would be uni-directional: mixed species forest would shift towards transitional forest, which would, in turn, shift towards Gilbertiodendron-dominated forest. This hypothesis derives from long-term field observations (personal observation by P. Umunay); observations of greater rates of recruitment and survival at monodominant patch boundaries [14]; and again, differences in light availability [7,15] paired with Gilbertiodendron’s relative success in high light conditions [28].



To evaluate these hypotheses, we analyzed tree-level data from three repeated censuses of four large (10-ha) plots established in 1994 in the Ituri forest. This research builds on related efforts from Lewis et al. [2] and Makana et al. [1]. Lewis et al. [2] used a model-based approach to look at carbon storage within intact African forests, relying on data from the first two Ituri censuses (among other data), aggregated across each of the 10-ha plots. Makana et al. [1] evaluated changes in AGB and species-specific demography, aggregating data across each of the 10-ha plots, which were treated as either Gilbertiodendron-dominated or mixed species forest. Here, we extend these efforts (a) by using model-based frameworks to evaluate temporal trends among a number of key forest biometrics within four distinct forest types; and (b) by explicitly considering the spatial dynamics of stand structure through a developmental lens. Instead of using an aggregation approach, we treat plots as heterogeneous community structures that have local-level variability [31]. We postulated that a more nuanced assessment of trends in these biometrics and spatial dynamics would support previous research suggesting that Gilbertiodendron dewevrei was a critical determinant of forest structure in this region and help to support observations of Gilbertiodendron’s slow imposition on the surrounding mixed species forest.





2. Materials and Methods


We present here an overview of our data and the methods we employed. Please consult the Supplementary Material for a detailed account of our analyses, background information, and more complete justification of our statistical modeling choices. All data management, analysis, and visualization were performed using R v. 3.5.3 (R Core Team, 2019). Specific packages and workflows are described in the Supplementary Material.



2.1. Field Plots and Data Structures


The Ituri Forest Dynamics Project was established in 1994 by the Centre de Formation et de Recherche en Conservation Forestière and includes four 10-ha plots (200 m × 500 m) selected in representative stands that encompass both mixed species and Gilbertiodendron-dominant forest types found in the region (Figure 1 and Figure 2). The plots are located within the 13,700 km2 Okapi Faunal Reserve of the Ituri Forest, which is itself part of a Core Conservation zone [32]. The plots fall in two sets (edoro1 and edoro2, and lenda1 and lenda2) with approximately one half kilometer between plots within a set and approximately 31 km between sets. All trees ≥1 cm DBH (diameter at 1.3 m height) within plots were measured to the nearest 0.1 cm, geographically located, tagged, and identified (>99% to species level), either in the field or using shoot specimens [33] in three censuses (n = 959,312). The first census ran from 2 Febuary 1994–15 July 1996, the second ran from 2 Febuary 2001–9 January 2002, and the third ran from 10 January–30 November 2007. These plots and their standardized measurement protocols have been thoroughly detailed elsewhere [32,34].



We unified tree-level tabular records from the three censuses and then utilized tree-level coordinates in developing spatially explicit data objects in an appropriate coordinate reference system (Universal Transverse Mercator zone 35). To mitigate the impacts of outlying stem metrics (e.g., unusually large basal area or an unusually large number of new recruits) and to make the results more broadly generalizable to the main forest types of the region, we elected to aggregate tree-level metrics to quadrats for many portions of our analysis (  n = 160   quadrats per site per census). We selected a quadrat size of 25 m × 25 m to help mitigate the effects of data collection errors stemming from field protocols while retaining reasonable granularity. Each quadrat was classified into one of four forest types (Figure 3). Classification was performed using a two-step process. In the first step, quadrats were classified as (a) Gilbertiodendron-dominated forest, in which Gilbertiodendron represented ≥50% of the total (living) basal area on a given quadrat; (b) transitional forest, in which Gilbertiodendron represented ≥5% and <50% of the total basal area; or (c) mixed species forest, in which Gilbertiodendron represented <5% of the total basal area on a given quadrat. These thresholds were selected based on field experience and previous research. Bauters et al. [26] separated mixed species and Gilbertiodendron-dominated forest with a threshold of 60% Gilbertiodendron BA, while Hart et al. [19] separated the two at 70%. We elected to use a comparable, if slightly lower, threshold of 50% to match our field observations. A threshold of 5% was selected to separate mixed species from transitional forest because (a) there is a wide range of Gilbertiodendron presence suggestive of increasing dominance and (b) selecting such a low threshold helped ensure that our mixed species forest class was distinct from the Gilbertiodendron-dominated class by virtue of the wide range of Gilbertiodendron stem densities encapsulated by the transitional forest class.



In the second step, any quadrat that intersected hydrological features was reclassified as riparian. The riparian class is somewhat anomalous relative to the others, which together represent a continuum of Gilbertiodendron development from species diverse to monodominant forest types. However, the riparian class was included to provide a casual test of Gilbertiodendron’s association with water [28,35], and as contrast to statements about floristically distinct riparian forest [19,32]. If these quadrats were actually unique, isolation would help to mitigate confounding effects in statistical analyses. If they were instead similar to another forest class (notably, Gilbertiodendron-dominated forest), this would also be apparent.




2.2. Statistical Analysis


We used two forms of regression modeling to capture trends in above-ground live biomass (AGB), basal area (BA), live stem count (A), Gilbertiodendron stem diameter (DBH), relative Gilbertiodendron recruitment, and relative Gilbertiodendron mortality. Each model was derived through its own model selection workflow, but to ensure that forest class-specific changes could be captured, all models included a median-centered temporal variable to capture trends across time, a categorical variable capturing our four forest classes, and an interaction term of time × forest class.



Changes in live above-ground biomass (AGB), live basal area (BA), live stem count (A), and the diameter of live Gilbertiodendron stems (DBH) were captured using a linear mixed effects modeling framework [36] with random intercepts and random slopes on the temporal variable, by unique quadrat. Mixed effects models are commonly employed to account for clustering or dependence across one or more dimensions, and here, we rely on the random effects submodels to account for temporal autocorrelation between observations. For the AGB, BA, and A models, we used unique quadrat identifiers as the grouping variable, such that random effects were estimated for each of the 640 unique quadrats. For our DBH increment growth model, we used stem-specific identifiers as the grouping variable. Linear mixed effects models accounted for spatial autocorrelation and heteroscedasticity. The presence of spatial autocorrelation was evaluated through variography and the inclusion of patterned covariance matrices that accounted for spatial autocorrelation between quadrats. We did not find, in any model, statistically significant spatial autocorrelation, for which the effects could be mitigated through the inclusion of modeled covariance structures. This may be due to the aggregation-based homogeneity (i.e., the modifiable areal unit problem [37]), and it is possible that spatial autocorrelation exists at other scales. However, all models benefited from submodels capturing non-constant error variance.



Our models of Gilbertiodendron-specific recruitment and mortality, represented as proportions, were captured using variable dispersion beta regression [38,39]. To account for temporal autocorrelation among observations, the variance-covariance matrices of beta regression model errors were subjected to post hoc sandwich variance–covariance estimators [40,41,42]. We used a sandwich estimator that extends estimators for clustered standard covariances to multiple, non-nested dimensions [43].



With the exception of DBH, our goal with each model was to produce the best predictive fit to the data on hand, but not necessarily to produce a model to be used in forecasting. For this reason, we allowed for the use of any explanatory term that was not a direct derivative of any other explanatory term. For example, we did not use DBH as an explanatory term in modeling BA, since BA is directly calculated from DBH; we did use BA as an explanatory in modeling AGB, since their relationship is more nuanced and less direct. It is important to note that, when referring to BA or AGB, for example, these values are quadrat level aggregations, and so the apparent relationship between BA and AGB is much less clear than would be the case when looking at a single record. For our model of DBH, we looked only at the relationship between DBH and time.



We used case resampling to bootstrap both linear mixed effects models and beta regression models. In the former, we resampled relative to the hierarchical levels in the data (population level and quadrat level), and used   n = 10 , 000   iterations of resampling and modeling to obtain coefficient estimates, 95% confidence intervals on the coefficient estimates, and estimates of predicted change. To obtain estimates of predicted change, for each of the 10,000 models we computed (fitted values at census 3 − observed values at census 1)/observation period, and used the distribution of results to obtain a mean and 95% confidence interval of change per year. In the case of beta regression models, for each of the 10,000 iterations, we both fit the variable dispersion beta regression model and obtained sandwich-corrected estimates of error to inform our estimates of the coefficients and 95% confidence intervals. These coefficient estimates were then used to obtain estimated change per year, given the other terms in the models.



With the exception of AGB, all response variables were directly derived from tree-level data. Above-ground biomass estimates were distributed with the data and were initially produced for trees ≥1 cm DBH using a pan-tropical allometric equation for above-ground biomass of tropical moist forest trees [44]. Specifically, Equation II.3 of [44] was used to produce tree-specific estimates of AGB using a polynomial model of the form   l n  ( A G B )  = a + b  ( l n  ( D )  )  + c  ( l n   ( D )  2  )  + d  ( l n   ( D )  3  )  + l n  ( ρ )   , where a, b, c, and d are fitted model parameters; D is measured DBH; and  ρ  is wood-specific gravity. Functionally, this equation is applied as


     A G B     = ρ ×  e  C F + a + b  ( l n  ( D )  )  + c  ( l n   ( D )  2  )  + d  ( l n   ( D )  3  )        



(1)






     A G B     = ρ ×  e    0 .  356 2   2  − 1.562 + 2.148  ( l n  ( D )  )  + 0.207  ( l n   ( D )  2  )  − 0.0281  ( l n   ( D )  3  )        



(2)




where CF is a first-order correction factor of the form    R S  E 2   2  , accounting for back transformation bias when moving from   l n ( A G B )   to   A G B  , often attributed to Baskerville [45] in a forestry context. Values of  ρ  are included in a hierarchical manner, applying the most targeted of species-, genus-, or family-specific values available.



Lastly, we evaluated whether our data exhibited uni-directional developmental patterns by evaluating the forest class of each quadrat that exhibited a class change between temporally adjacent censuses. We used a two-sample permutation test of proportions (comparable to Fisher’s exact test) [46] to evaluate whether the proportion of quadrats that exhibited the hypothesized directional change was significantly greater than the proportion that exhibited the inverse change. We omitted the edoro2 field site from this analysis, as it was installed as a control and contained no Gilbertiodendron.





3. Results


3.1. Overall Results


From 1994–2007, the Ituri Forest dynamics plots exhibited a pattern of increasing above-ground biomass and related forest structural parameters. A statistically significant (  α = 0.05  ) increase in BA of 0.09 ± 0.07/0.08 m2ha−1y−1 (95% margin of error; +3.59% ± 2.34/2.75% over 12 years; Figure 4a–c) and a statistically significant increase in AGB of 1.76 ± 1.25/1.5 Mg ha    − 1   y    − 1    (+6.14% ± 3.19/3.94% over 12 years; Figure 4d–e) were observed across the 40 ha sample as a whole. Where margins of error are unbalanced due to bootstrapping, they are presented as upper bound/lower bound. Stem loss through mortality and breakage slightly exceeded recruitment, but there was no significant difference in average (living) stem density in the sample, with an average change of −3.29 ± 9.44/9.03 stems ha    − 1   y    − 1    (−0.11% ± 1.67/1.52% over 12 years; Figure 4g–i). The observed increase in basal area and above-ground biomass is thus attributable entirely to the growth of existing trees rather than to an increase in stem density.




3.2. Hypotheses Related to Forest Structure and Growth


Changes in several forest structural and demographic attributes differed among forest types (Table 1). At census three, Gilbertiodendron-dominated forest stored significantly more AGB than any of the other three forest types (611 ± 39.6 Mg ha    − 1   ), which themselves were similar (421 ± 68.1 to 460 ± 57.4 Mg ha    − 1   ). These differences are generally mirrored by those of BA. Mixed species forest had the second largest total BA, mainly attributable to Cynometra alexandri and Julbernardia seretii.



As the forest shifts along the developmental gradient from a mixed species forest to a transitional forest, and from a transitional forest to a Gilbertiodendron-dominated forest, we see a clear pattern of increasing proportional representation of Gilbertiodendron and decreasing proportional representation of Cynometra alexandri and Julbernardia seretii (Figure 5). Gilbertiodendron tends to be represented in smaller size classes in mixed species and transitional forest types (Figure 6), resulting in lower BA and AGB compared to a Gilbertiodendron-dominated forest. That riparian forest has similar BA and AGB storage to transitional and mixed species forest (Table 1), which may reflect an increase in the presence of Gilbertiodendron and a decrease in competing species (Figure 5). Neither Cynometra alexandri nor Julbernardia seretii are particularly tolerant of water logging, so they tend to occur in mixed species and transitional forest types more than in riparian zones. Furthermore, Kearsley et al. [35] speak to Gilbertiodendron’s relatively poor ability to regulate water use and how the species possesses a collection of traits for water use and transport, leading to its association with riparian sites.



No forest type exhibited a statistically significant change in AGB over time, though the observed changes follow the expected directionality. Transitional forests showed the highest estimated AGB change (+2.85 ± 3.95/4.2 Mg ha    − 1   y    − 1   ) and the highest variability among forest types. Only the mixed species forest exhibited a statistically significant trend over time, and only the mixed species forest differed significantly from another forest class (Gilbertiodendron-dominated).




3.3. Hypotheses Related to Tree Species Composition


As hypothesized, riparian and Gilbertiodendron-dominated forest types possessed the lowest stem densities of the four forest types (6173 ± 333.7 trees ha    − 1    and 6828 ± 161.2 trees ha    − 1   , respectively), while transitional (7765 ± 372.2 trees ha    − 1   ) and mixed species (8001 ± 172.7 trees ha    − 1   ) forest had higher stem densities. This reflects the greater proportions of small diameter stems in these latter forest types, relative to the former, revealing a negative exponential (“reverse-J”) distribution often, though not always (c.f. [47]), associated with diameter distributions in mature forests with limited disturbance [48,49,50] (Figure 6). In combination with our AGB and BA findings, the lower stem density of Gilbertiodendron-dominated forest reflects a structure of larger and more sparsely situated stems. None of the forest types exhibited a significant change in stem density across time, though significant differences between forest types were observed.



Fisher’s alpha diversity values for the third census show that Gilbertiodendron-dominated forest has significantly lower species diversity than any of the other forest types, reflecting its monodominance at the scale of analysis, and the relative floristic similarity of the other forest classes (c.f. [51]). The great diversity of species present in the region (  n = 438   unique species across all sites) is reflected in the higher alpha diversity values of non-Gilbertiodendron-dominated forest types.



We would expect the stem density and diversity of transitional (and mixed species) forest to be greater than Gilbertiodendron-dominated forests given the inclusion of additional species and a more diverse size class distribution, though this may be scale dependent [1]. We would not necessarily expect diversity and AGB to be positively correlated [8]. As with the low rates of AGB and BA accumulation in the riparian forest, riparian forest stem density mimics that of the monodominant forest. Collectively, these findings provide support for the idea that our riparian forest class is largely dominated by Gilbertiodendron. This is not improbable given the species’ low drought tolerance and limited water regulation potential on some sites [35].



Among Gilbertiodendron stems, the increase in annual diameter was statistically significant for all forest types. When stems <20 mm were omitted (not shown in Table 1), the results were 0.93 mm tree    − 1    y    − 1    for Gilbertiodendron-dominated forest, 0.90 mm tree    − 1    y    − 1    for transitional forest, 1.36 mm tree    − 1    y    − 1    for mixed species forest, and 0.97 mm tree    − 1    y    − 1    for riparian forest. These figures indicate that, for this dataset, and relative to the figures shown in Table 1, the smallest diameter stems reduce average growth rates by approximately 14%, 17%, 17%, and 13%, respectively. Figure 7 suggests that diameter growth increases somewhat monotonically with tree size. When paired with previous studies on understory Gilbertiodendron growth response [14,29], the limited yet positive gains made by small diameter stems support the hypothesis that these stems are advance regeneration [48]. That fewer large diameter stems (stems ≥105 cm) exist in mixed species and transitional forest types, is what we would expect if increasing Gilbertiodendron density leads to structural changes and reclassification as transitional or Gilbertiodendron-dominated forest. Note that this analysis does not include stems <1 cm DBH, masking the effects of the smallest seedlings on perceptions of recruitment, mortality, and persistence.



Relative recruitment (i.e., the proportion of Gilbertiodendron stems that were new recruits at a given census) displayed a statistically significant positive trend for all forest types (Figure 8a), and both mixed and riparian forest were significantly different from the others. Recruitment was lowest for riparian quadrats, where the odds ratio increased by 3.9% ± 3.7/4.0% per year. If explanatory terms other than time are held constant at their mean values, the raw proportion (not odds ratio) of new recruits increased at a rate of 0.4% ± 0.4% per year, based on the one-year period surrounding 2001 (the median study year). Mixed species forest exhibited the most pronounced trend (O.R. = 8.3% ± 6.5/7.1% per year, raw % = 0.8% ± 0.7/0.6%).



In modeling the relative mortality of Gilbertiodendron stems, we found that no forest type exhibited significant changes over time (Figure 8b). In combination with our models of recruitment, this may suggest that there is a small net increase in the number of Gilbertiodendron stems over time. Mortality was lowest in riparian forest and greatest in mixed species forest. For riparian forest, the odds increased at a rate of 0.991% ± 4.1/3.8% per year, which is to say that mortality decreased across time. In holding the non-temporal explanatory terms constant at their means while looking in the one year period around 2001, this equates to a change of −0.02% ± 0.01% per year in the raw proportion of stems that died. As with recruitment, mixed species forest also exhibited the most pronounced trend in mortality, and displayed the only positive and significantly different trend among the four forest types. This is not unreasonable given that greater recruitment (see Figure 6) may well lead to greater mortality (O.R. = 15.8% ± 21.6/18.6% per year, raw % = 0.33% ± 0.39/0.38% per year).




3.4. Hypotheses Related to Development and Geographic Expansion


Of the total number of quadrats that could have changed forest class (  n = 960  ), 19 distinct shifts were observed across the three field sites that contained Gilbertiodendron (Figure 9). Of these 19 shifts, 15 followed the developmental gradient we hypothesized, of mixed species forest shifting into transitional forest, and of transitional forest shifting into Gilbertiodendron-dominated forest. Of the four quadrats that exhibited a different pattern, all were in lenda2. Two vacillated between transitional forest and Gilbertiodendron-dominated forest, suggesting that these quadrats fell on classification thresholds, while the other two fell in an area that appeared to be shifting in structure at the time. The remaining quadrat may reflect mature forest gap dynamics [52]. Our two-sample permutation test of proportions revealed that the proportion of quadrats following our hypothesized developmental gradient (15/19 = 79%) was significantly greater (  p < 0.001  ) than that which did not (4/19 = 21%).





4. Discussion


Collectively, our findings support the overarching hypothesis that Gilbertiodendron dewevrei is a dominant driver of forest development in the Ituri region. They provide compelling evidence of the growth and geographic expansion of monodominant stands into mixed species forest, and are consistent with both a recent model of Gilbertiodendron stand dynamics [28], as well as with functional traits related to the species’ plasticity of light capture [28,29] and water use regulation [35].



4.1. AGB and BA


While slightly higher, our estimates of AGB for mixed species and riparian forest types align well with the mean AGB for Central African closed canopy forests [25,53,54]. However, our estimates for transitional and Gilbertiodendron-dominated forest are greater than AGB estimates from intact closed-canopy old-growth tropical forests in Amazonia [55], East Asia [56], and Central Africa at large [25], showing the relative importance of Gilbertiodendron-dominated forests in short-term carbon sequestration. Our estimates also align well with the significantly greater AGB that has been found in Gilbertiodendron-dominated forest relative to non-Gilbertiodendron-dominated forest (514.9 versus 384.1 Mg ha    − 1    in [25], and 596.1 Mg ha    − 1    versus 401.7 Mg ha    − 1    in [54]). Our estimates of BA ha    − 1    follow a similar pattern to that presented in Djuikouo [54], in which Gilbertiodendron-dominated forest showed significantly greater BA ha    − 1    than mixed species forest (“terra firme forest”) while riparian forest (“periodically flooded forest”) did not differ significantly from the mixed species forest. Despite differences in data aggregation and analytical strategies, our results for total AGB are generally in agreement with those of Makana et al. [1].



That our estimated rates of AGB change are not significant (excepting mixed species forest), and are not significantly different between forest types, which is similar to Cuni-Sanchez et al.’s [53] findings. As with our study, they found that within-forest class variability had greater swamped changes than that between forest classes, though their focus on the succession of savanna to mixed Marantaceae hlforest in Gabon is a different developmental process than that found at Ituri. Importantly, our lower and nonsignificant rate of AGB accumulation within Gilbertiodendron-dominated forests is certainly influenced by mortality. As a long-lived, canopy-bound species, larger Gilbertiodendron stems may show signs of decadence and are subject to natural disturbance. It has been hypothesized that the uniformity of monodominant forest canopy reduces susceptibility to wind damage [15], but it does not eliminate it completely [19]. During the inspection of outlying residual values associated with our regression analyses, we found that unusual values were associated with triplets of records (one for each census year) in which AGB (or BA) dropped substantially relative to a previous benchmark. Given our data aggregation strategy, this speaks to the sheer quantity of biomass held by individual stems in our field sites. A number of tropical forest studies have found AGB to be strongly correlated with the number of large stems (≥70 cm; [54], and references therein), and similar plot-level reductions in AGB from the loss of large trees has been observed in other studies [53]. In mixed species and transitional forest, there is a proportionally greater number of stems in small size classes compared to Gilbertiodendron-dominated forest (Figure 6), so the loss of an individual tree has a proportionally smaller impact on cumulative AGB or BA. This aligns with Makana et al.’s [1] finding that the gains in AGB were nearly entirely due to the growth of existing trees and not due to new recruits.




4.2. Species Diversity and Stem Density


A broad trend towards increasing monodominance and AGB storage is also captured by our species diversity and stem density metrics. Our significantly lower species diversity for Gilbertiodendron-dominated forest, relative to the two mixed species forest types, aligns well with both Djuikouo et al.’s [54] (c.f. Table 1) and Peh et al.’s [51] work in Southeastern Cameroon (c.f. Table 2), and with Kearsley et al.’s [35] work in central Democratic Republic of the Congo (c.f. Table 1). Note, however, that there is appreciable variation in the floristic associations of Gilbertiodendron-dominated forest across Central Africa. With respect to our findings from the Ituri region, this variation is captured, for example, by the wide separation in species diversity between Peh et al.’s [51] monodominant and mixed species plots, which themselves contained no Gilbertiodendron, and by Fayolle et al.’s [50] work across Cameroon, the Central African Republic, and the Republic of Congo, in which Gilbertiodendron-dominated forest was only sparsely distributed along rivers.



Our findings align with Peh et al.’s [51] reported size class distributions for Gilbertiodendron-dominated and mixed species forest (c.f. Figure 2), and with the typical reverse-J shape associated with old-growth tropical forests [50] and with mature forests generally [48,49]. Our diversity and stem density measures align with Gilbertiodendron’s known growth patterns, in which Gilbertiodendron stands form dense, deep canopies with a more open understory structure [1,7,14]. In the highly light-restricted understory, seedlings of this species can often out-compete those of other species, including other leguminous late-emergent species such as Julbernardia seretii [10,14,15,28], leading to a reduction in species diversity (see Supplementary Material § Mechanistic Synthesis). In part, this may be related to the robust growth of Gilbertiodendron seedlings in rich light conditions, which, in turn, alter the light environments of smaller competitors [28].




4.3. Succession and Geographic Expansion


With respect to forest development and the geographic expansion of monodominant forest into mixed species forest, we found clear evidence that Gilbertiodendron is a driving forest structure along a uni-directional trajectory. Many of the observed class changes occurred on patch peripheries, as might be expected. This aligns well with Hart’s [14] observation of increased Gilbertiodendron seed survival rates at the peripheries of conspecific mast areas, and with Hall et al.’s [28] conceptual model suggesting that transition between forest types is a function of plasticity of light capture, among other things. The changes we observed reflect the “edge diffusion” developmental pattern discussed by Favier et al. [57] in their work on savanna–forest transitions in coastal Republic of the Congo, and observed in other parts of tropical Africa (e.g., [58,59,60,60]). A single forest class conversion that occurred in a patch interior may reflect secondary forest gap dynamics [52], and this requires further exploration.



Hart et al. [10,19] remark that the slow growth rates and poorly dispersed seeds of Gilbertiodendron should “mitigate against rapid colonization” [19] (p. 557). However, our results indicate that this forest is experiencing notable developmental change across a relatively short period of time. Other studies surrounding the DRC, although focused on savanna–forest ecotones, have also detected developmental shifts across relatively short time periods [61]. It may be that our observed changes in forest class are a function of how we defined those classes, and we know that developmental pathways are highly influenced by land-use history, local conditions, and anthropogenic factors [57,61]. Consider, for instance, Cuni-Sanchez et al.’s work [53], which, while focused on transitional savanna in Gabon, provides an apt contrast to our findings and those cited by Mitchard et al. [61]. Across 20 years of monitoring (contemporaneous with the present study), they were unable to identify even a single field plot that could be reclassified into the subsequent successional forest type.




4.4. Support for Existing Developmental Dynamics Frameworks


The general similarities in stem density, BA change, AGB change, DBH growth, and mortality measures between Gilbertiodendron-dominated forest and riparian forest, as portrayed in Table 1 and Figure 5 and Figure 6, provide support for the idea that our riparian forest class is not sufficiently distinct from our Gilbertiodendron-dominated forest class to warrant isolation. Our riparian forest appears to be largely dominated by Gilbertiodendron stems, and this aligns well with a number of studies that link the species to riparian sites and water use traits.



Fayolle et al. [50] found Gilbertiodendron to be sparsely distributed along rivers in the Republic of Congo, and to a lesser extent in Southeastern Cameroon and Southern Central African Republic. Letouzey ([50,62]) distinguished Gilbertiodendron-dominated forest along rivers from upland mixed species forest. Gèrard [5], as cited in [28], found Gilbertiodendron to have a deep tap root, which may facilitate deep ground water extraction and lead to establishment on sites with lower water tables. This aligns with Kearsley et al.’s [35] study of functional traits in the North-Central Democratic Republic of Congo, which ties Gilbertiodendron to riparian sites through its poor ability to regulate water use. Hall et al. [28] have integrated moisture limitations into their conceptual model of Gilbertiodendron stand dynamics, highlighting how moisture availability may help shape the species’ distribution. To better test Gilbertiodendron’s association with riparian sites, future efforts similar to that presented here might benefit from evaluating results across a range of spatial grains (i.e., spatial scale analysis).



With respect to Hall et al.’s [28] model, our findings are consistent with the notion that plasticity in light acquisition provides seedlings with a competitive advantage to recruit and release at different light levels. This can be inferred, albeit weakly, from our results that follow a developmental gradient, which itself embodies a gradient of light availability across forest classes (c.f. [15,29], see also Supplementary Material § Mechanistic Synthesis). Our findings are also consistent with the idea that light-rich environments (i.e., our mixed species forest, relative to our monodominant forest) lead to an abundance of large seedlings that shape the light environments of smaller competitors, as can be seen in our estimates of stem density in relation to the developmental gradient. The general idea of large seeds leading to limited dispersal and gregarious habit [15,28] is also indirectly supported by our spatial visualizations (Figure 9), and by the locations of forest class transitions, which largely occurred on patch peripheries.



Historically, forest stand dynamics have been viewed through one of two major developmental pathways: relay floristics and initial floristics, or complete initial floristics [48,63,64]. The former takes a more holistic view of ecology, where “succession is interpreted teleologically as the process of development of an ecosystem of maximum stability (by the yardstick of resistance to disturbance) and of maximum efficiency in the utilization of resources” ([65], p. 109). Allow that in the absence of additional disturbance, a relay floristics developmental trajectory ultimately culminates in what is viewed as a steady state, variously referred to as a “climax” or “late successional” community [48,66]. In isolation, relay floristics is an idealization of sequential developmental stages that rarely appear in nature. In contrast, initial floristics is more reductionist, with “sequential physiognomic dominance of the site by species with different life histories, growth rates and sizes at maturity” ([65], p. 110). More recently, Egler’s [63] initial floristics paradigm has been reframed by Wilson et al. [64,67] as “complete initial floristics” and “preemptive initial floristics”, akin to what Connell and Slayter [68] refer to as the “inhibition” model of development.



In considering the manner in which Gilbertiodendron extends its grasp on the surrounding mixed species forest, the developmental process at Ituri is a unique combination of initial floristics and relay floristics with a “climax” or “pseudo-climax” phase. In the absence of major disturbance, mixed species forest is prevalent in the region and provides what appears to be a multicohort, vertically stratified base. As viewed through the lens of initial floristics [63,64,67], Gilbertiodendron has been present in the region over recent history, though we know that, at a local level, some sites (e.g., the edoro2 field plot) contain no Gilbertiodendron, and we have little evidence of the species’ long-term historical presence at Ituri [19]. Gilbertiodendron’s notable tolerance of deep shade leads to abundant, albeit slow growing, understory growth [14]—both seedling and sapling advance regeneration [48]. Here, mast fruit germinates, whether during understory reinitiation or otherwise, and then grows slowly under restrictive conditions. When paired with the resource use efficiencies described above, the advance regeneration responds well when released from competition, growing vigorously [28,29]. Where Gilbertiodendron seedlings are present, they may appear in high numbers, leading to typical, if protracted, stem exclusion dynamics as the advance regeneration makes slow upward gains. Without holding too tightly onto a definition, these life history traits generally follow a preemptive initial floristics stand development pathway.



While Gilbertiodendron stands possess some of the characteristics associated with preemptive initial floristics [64], we are still faced with a slow conversion from mixed species forest to monodominant forest, and an apparent “succession to climax”. While the present study was not focused on the developmental pathways leading to Ituri’s mixed species assemblages, for decades, it has been thought that Gilbertiodendron slowly establishes itself in mixed species forest, displacing other species in its path to dominance [6,14,29]. Dominance is then sustained through the mechanisms described in the Supplementary Material (§ Mechanistic Synthesis) and summarized by Hall et al. [28]. Of interest here, is the manner in which Gilbertiodendron indirectly suppresses other species by creating microsite conditions withstood by only the extremely shade tolerant [28] (c.f. [69,70]). In this way, in the presence of Gilbertiodendron, the forests of Ituri progress from mixed species assemblages to monodominance, but then fail to advance further. It is for this reason that we describe Gilbertiodendron as a type I monodominant [17]. Only Peh et al. [51] have considered violations of persistent monodominance, though their findings do not implicate the potential for any local species to disrupt the monodominant canopy structure through widespread competition. In the absence of major disturbances, we lack evidence that this species will be succeeded by any other [10], making Gilbertiodendron a “climax” species on many sites.



In isolation, historical stand development paradigms do not sufficiently describe the dynamics on the Ituri landscape—a single model has never served forest ecology well. Instead, the stand development visible at Ituri follows heterogeneous pathways on a site-by-site basis, driven, in part, by initial floristic composition; gap dynamics [52,71]; resource gradients; advance regeneration; and, through the developmental modes of advancement, relay floristics. The complement of stand development mechanisms at play reflects a more modern perspective on forest stand dynamics, in which a suite of autogenic and allogenic agents lead to a stochastic process of canopy openings, regeneration, and closure [48]. These mechanisms, in concert with the supporting literature and general growth traits we identify above, have produced what appear to be uneven-aged (multi-cohort), vertically stratified, closed-canopy stands in all of the Ituri field plots (with the noted absence of Gilbertiodendron at the edoro2 field plot). However, it is important to recognize that variability in tree age with respect to other biometrics (e.g., DBH) has not yet been studied, and we currently lack a definitive understanding of the age distributions of the forests at Ituri. Hubau et al. [72] and Baker et al. [73] reveal that age distributions within stratified tropical forests are not always what they seem. This represents a potentially fruitful area of research, in that recharacterization of uneven-aged stands into even-aged stands would necessitate a reframing of Gilbertiodendron’s developmental dynamics and persistence.



The present work captures only a coarse approximation of developmental patterns over time and space, and does not preclude the possibility of (a) another species surpassing Gilbertiodendron’s stature and rate of growth through response to local-level environmental conditions; or (b) a finite end to monodominant patch expansion caused by the interaction of autogenic and allogenic constraints. We did not directly focus on either of these topics, but they are important lines of inquiry for future research. Similarly, we did not seek to evaluate the persistence or ephemerality of small diameter stems and how their presence may or may not influence perceptions of stand-level recruitment and mortality. Additional research is needed in expanding previous recruitment and growth response studies by Hart [14], and Makana and Thomas [29].





5. Conclusions


Patterns of structural change associated with monodominant tropical forest complexes have remained enigmatic for decades. In an effort to better understand the temporal trends and spatial patterns of lowland tropical rain forest in central Africa, we have built on previous research (e.g., [7,10,11,15,16]) to provide a long-term, fine-scale assessment of forest dynamics in the Ituri region. We revealed subtle but consistent patterns of developmental aggradation, with evidence that Gilbertiodendron dewevrei is a controlling determinant of the forest structure and species composition in this region. Changes within a Gilbertiodendron-dominated forest, relative to the adjacent and more diverse mixed species forest assemblages, were not as pronounced as we had anticipated. However, our findings are unified in reflecting net positive change in BA, AGB, and Gilbertiodendron sapling recruitment in the absence of clear changes in overall stem density and Gilbertiodendron mortality. When looking across a developmental gradient based on Gilbertiodendron presence, we found patterns consistent with the hypothesized expansion of this species. The present work has demonstrated the utility of analyzing both across and within large field plots, and has highlighted the need to explore the spatiotemporal dynamics of Gilbertiodendron and other tropical dominants. It is clear that at least some species drive predictable patterns of change in tropical forests, and future efforts may benefit from viewing such changes through a geographic lens.
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Figure 1. An example of Gilbertiodendron-dominated forest conditions in the Ituri Forest (site lenda1), Ituri Province, Democratic Republic of the Congo. Photo credit: P. Umunay. 
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Figure 2. Overview of the study area. (a) Central Africa, (b) field sites edoro1 (left) and edoro2 (right), and (c) field sites lenda1 (upper) and lenda2 (lower). Quadrat dimensions are those used in analysis, not in field work. CM = Cameroon, CF = Central African Republic, SS = South Sudan, UG = Uganda, RW = Rwanda, BI = Burundi, TZ = Tanzania, ZM = Zambia, AO = Angola, CD = Democratic Republic of the Congo, CG = Republic of the Congo, GA = Gabon, and GQ = Equatorial Guinea. 
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Figure 3. Forest cover classification at census 3 in field sites edoro1 (a), edoro2 (b), lenda1 (c), and lenda2 (d). R = riparian forest, M = mixed species forest, T = transitional forest between mixed species and Gilbertiodendron dewevrei-dominated, and G = Gilbertiodendron dewevrei-dominated forest. 
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Figure 4. Predicted versus observed values from models of (a–c) basal area, (d–f) above-ground biomass, and (g–i) stem density. A single outlying observation was omitted from panels (e,f) to improve visual clarity. Panels (c,f,i) illustrate residual relationships with one of several explanatory variables. 
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Figure 5. The proportion of AGB that each of three large-growing canopy species represents of the total AGB for a given forest class and field site, looking across all three censuses. The field sites are (a) edoro1, (b) lenda1, and (c) lenda2. The forest classes are G = Gilbertiodendron dewevrei-dominated, T = transitional between Gilbertiodendron dewevrei-dominated and mixed species forest, M = mixed species forest, and R = riparian forest. 
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Figure 6. Gilbertiodendron dewevrei stem diameter class distributions by forest type. R = riparian forest, M = mixed species forest, T = transitional forest between mixed and Gilbertiodendron dewevrei-dominated, and G = Gilbertiodendron dewevrei-dominated forest. Note broken Y axis. 
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Figure 7. Estimates of annual diameter growth in Gilbertiodendron stems for each of nine size classes, in each of four forest types: G = Gilbertiodendron dewevrei-dominated forest, T = transitional forest between mixed species and Gilbertiodendron dewevrei-dominated, M = mixed species forest, and R = riparian forest. Where estimates are not shown (M and T forest types), the dataset contained an insufficient number of stems of a given size class, for proper model convergence. Horizontal axis labels reflect the lower bounds of each diameter class. 
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Figure 8. Relative recruitment (a) and relative mortality (b) of Gilbertiodendron stems across time, with time-variant explanatory terms held constant at their means. For visual clarity, data points have been jittered in a positive direction with respect to Y axis if they were <0.03, and in a negative direction if they were >0.97. Y axes have been limited to improve visual clarity. 
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Figure 9. Change in forest cover classification in field sites edoro1 (a), lenda1 (b), lenda2 (c), and across censuses 1–3. R = riparian forest, M = mixed species forest, T = transitional forest between mixed species and Gilbertiodendron dewevrei-dominated forest, and G = Gilbertiodendron dewevrei-dominated forest. Cells bounded in black reflect a change in classification (forest development) between the current census and one of the previous censuses. Quantification of this change is shown in the rightmost column. With the exception of four changes in lenda2, all changes (  n = 19  ) reflect spatial propagation and increasing dominance of Gilbertiodendron dewevrei attributable to developmental processes. 
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Table 1. Descriptive statistics from longitudinal modeling. Interval values are margins of error for a 95% confidence level, derived through bootstrapping. In cases where the intervals are not symmetric, intervals are presented as upper bound/lower bound. Estimates that share a superscript letter are not significantly different from one another, as tested using Tukey honest significant differences.
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	Metric
	Gilbertiodendron
	Transitional
	Mixed
	Riparian





	Number of quadrats (census 3) (%)
	208 (32.5)
	73 (11.4)
	297 (46.4)
	62 (9.7)



	Fisher’s alpha (census 3)
	   15.68 ± 0.52   a    
	   20.75 ± 1.12    b d     
	   19.22 ± 0.42    c d     
	   19.91 ± 0.54    b c d     



	Stem density (ha    − 1   , census 3)
	   6828 ± 161.2   a    
	   7765 ± 372.2    b c     
	   8001 ± 172.7    b c     
	   6173 ± 333.7   d    



	Stem density change (stems ha    − 1    y    − 1   )
	   − 0.33 ± 18.76 / 16.85    a c     
	   26.23 ± 28.52 / 28.34   b    
	   − 9.06 ± 11.69 / 11.09    a c d     
	   − 20.28 ± 31.92 / 24.6    c d     



	Basal area (m   2  ha    − 1   )
	   40 ± 2.1    a b     
	   36 ± 3.8    a b c d     
	   33 ± 1.4    b c d     
	   33 ± 3.6    b c d     



	Basal area change (m   2  ha    − 1   y    − 1   )
	   0.03 ± 0.13 / 0.17    a b d     
	   0.14 ± 0.28 / 0.25    a b c d     
	   0.14 ± 0.09 / 0.11    b c d     
	   0.01 ± 0.21 / 0.24    a b c d     



	Live AGB (Mg ha    − 1   )
	   611 ± 39.6   a    
	   460 ± 57.4    b c d     
	   422 ± 24.8    b c d     
	   421 ± 68.1    b c d     



	Live AGB change (Mg ha    − 1   y    − 1   )
	   1.02 ± 2.65 / 3.28    a b c d     
	   2.85 ± 3.95 / 4.2    a b c d     
	   2.3 ± 1.51 / 1.82    a b c d     
	   0.36 ± 3.15 / 4.07    a b c d     



	DBH growth (mm tree    − 1   y    − 1   )
	   0.803 ± 0.046    a b d     
	   0.742 ± 0.082    a b d     
	   1.122 ± 0.208   c    
	   0.849 ± 0.1    a b d     



	Recruitment change (% y    − 1    at 2001)
	   0.56 ± 0.16 / 0.15   
	   0.55 ± 0.25 / 0.27   
	   0.79 ± 0.56 / 0.67   
	   0.39 ± 0.36 / 0.41   



	Recruitment change (Odds y    − 1   )
	   1.057 ± 0.016 / 0.015    a b     
	   1.056 ± 0.026 / 0.027    a b     
	   1.083 ± 0.065 / 0.071   c    
	   1.039 ± 0.037 / 0.04   d    



	Mortality change (% y    − 1    at 2001)
	   − 0.04 ± 0.05   
	   − 0.02 ± 0.12 / 0.1   
	   0.33 ± 0.38 / 0.39   
	   − 0.02 ± 0.1   



	Mortality change (Odds y    − 1   )
	   0.985 ± 0.018    a b d     
	   0.994 ± 0.047 / 0.038    a b d     
	   1.158 ± 0.216 / 0.186   c    
	   0.991 ± 0.041 / 0.038    a b d     
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