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Abstract

:

While ontogeny of multicellular organisms requires an interplay among tissues, morphogenesis of unicellular structures is typically organised with respect to differential growth of their cell covering. For example, shapes of various microalgae have often been emphasised as examples of symmetric fractal-like cellular morphology. Such a self-similar pattern is typical for the variability of a spatial fractal, with the shape variation remaining the same at different scales. This study investigated how these cells are integrated. A geometric morphometric analysis of spatial integration in the genus Micrasterias was used to assess the variation across scales by comparing the slopes of the linear fit of the log bending energy against the log variance of partial warps. Interestingly, the integration patterns were distinctly different from the notion of self-similarity. The variability consistently increased with decreasing scale, regardless of the cultivation temperature or the species examined. In addition, it was consistent after the adjustment of the slopes for the digitisation error. The developmental control over the final shape progressively declines with decreasing spatial scale, to the point that the terminal lobules are shaped almost independently of each other. These findings point to possible considerable differences in the generation of morphological complexity between free-living cells and multicellular organisms.
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1. Introduction


Morphological integration is an intrinsic property of biological structures, consisting of the coordinated variation of their constituent parts [1,2,3]. In the last approximately 20 years, morphological integration has often been studied using geometric morphometrics (GMM), i.e., shape analysis of Cartesian point configurations. Several frequently used techniques are based on the analysis of the covariance between subsets of landmarks within structures [3,4]. In multicellular organisms, i.e., in the literal sense of the word, those living beings that have different organs, integration typically involves covariance among such parts or tissues [5]. In other words, the ontogeny of organisms requires interplay among their organs. However, the situation is quite different for unicellular free-living structures. These are primarily organised with respect to the differential growth of the cell wall or pellicle, which is typically driven by a varying density of membrane ports, leading to a different intensity of deposition of wall precursors during cellular morphogenesis to achieve a shape with a preferred surface-to-volume ratio or defensive structures against predators [6,7]. External factors, such as ambient temperature or environmental pollution, critically affect cellular morphogenesis by determining the rate of diffusion processes and the deposition of wall precursors [8,9].



For example, the cells of desmids, a species-rich group of streptophytan green algae belonging to Zygnematophyceae and mostly inhabiting acidic peatlands, are composed of two unequally old opposite semicells that are typical for the bilateral or radial symmetry of cellular lobes, processes, and incisions [10]. These structures develop during the relatively rapid morphogenetic process of cellular growth, involving the differential deposition of cell wall precursors that determines the final shape features of mature semicells [7,11]. Thus, integration in such cellular structures may be based on the spatiotemporal coordination of cell wall synthesis during morphogenesis, leading to a coordinated variation among different lobes [12].



In particular, the repeated production of successive lobes and lobules is typical for species of the desmidiacean Micrasterias lineage. Due to this typical morphology of repeated patterning of symmetric lobes and incisions, these algae have often been emphasised as examples of fractal-like cellular morphology [12,13,14]. In general, a fractal development of Micrasterias semicells would imply that the morphogenesis of individual successive lobes is governed by the same principles, just on a decreasing scale, consistent with the classical definition of fractality [15].



Consequently, this should then be manifested by self-similar patterns of variation, that is, relative to scale, the shape variation would be approximately identical at every spatial scale. Bookstein recently introduced a framework for the analysis of geometric morphometric datasets with regard to their spatial self-similarity [16,17]. This approach is adopted in this study for the analysis of several datasets of Micrasterias semicells. Bookstein’s concept assumes a null model of spatial self-similarity, in which the amount of (non-uniform) shape variation of identical groups of landmarks (e.g., squares) within a set of configurations is the same regardless of their position, orientation, or scale. This self-similar model essentially corresponds to the variability of a spatial fractal, where the variation remains the same when focusing on different parts of the observed structure. Thus, this null model presumes an absolute symmetry in terms of the amounts of shape variation across scales within landmark configurations depicted on a set of biological structures. Deviations from self-similarity include, on the one hand, global integration and, on the other hand, a state of so-called disintegration [16]. Both of these deviations represent a breaking of the null-model symmetry in terms of the amounts of shape variation across different scales. A globally integrated structure is typical for greater variability at larger scales of shape features. For example, this pattern is often typical for allometric growth gradients [18,19]. Conversely, if the smaller-scale structures have more shape variability than the large-scale shape features, then this is a situation that Bookstein referred to as disintegrated [16]. The extreme position of a disintegrated pattern is total independence and thus the random variation of individual landmarks in a configuration that corresponds to an isotropic Mardia–Dryden distribution.



In terms of a practical GMM analysis of biological datasets, self-similarity and deviations from this null model can be detected by examining the relationship between the variance of partial warps (PW) and their bending energy (BE). In short, PWs describe the total non-affine shape variability in the dataset with successively decreasing spatial scales of individual shape patterns. Consequently, the BE of the largest PWs is comparatively smaller than those depicting the more localised shape changes [20]. The self-similarity of variation across spatial scales is indicated by a slope of approximately −1 of the least-squares linear regression of the log PW variance to log BE. Slopes smaller than −1 indicate global integration, and those greater than −1 indicate a prevalence of small-scale variation. A slope approaching 0 would be typical for a totally disintegrated dataset based on the isotropic Mardia–Dryden distribution of landmark coordinates [17,20].



Unlike multicellular structures, which have been studied relatively extensively within this framework in recent years, data from analyses of unicellular organisms are completely lacking. Desmid cells, with their relatively complex forms fixed by a rigid cell wall, may be suitable model systems for the exploration of integration patterns. How are these cells integrated? Our earlier study, which analysed the covariance between landmark subsets of Micrasterias compereana semicells, showed increased integration levels among adjacent lobules, reflecting their affiliation to the same higher-order lobes within a successively divided structure [12]. Interestingly, the covariation among individual parts showed the gradual separation of developing lobes and lobules that were becoming less integrated with increasing lobe branching. In addition, it was shown that the relative distances of individual lobes and lobules of different orders in several Micrasterias species generally followed scale-invariant patterns [21]. Thus, these findings would not necessarily invalidate the null hypothesis of the fractal-like morphogenesis of these structures. However, the potential self-similarity of the shape variation at different scales within the configurations of landmarks sampled on Micrasterias semicells has not yet been studied.



To explore these integration patterns, we investigated several datasets consisting of four morphologically different Micrasterias species from different clades of the lineage. First, three clonal populations of Micrasterias thomasiana cultured at different temperatures were analysed based on three parallel landmark configurations sampled at different densities on the semicells. In addition, semicells from the natural populations of three additional taxa were also analysed. Will the spatial patterns of landmark variation across configurations reflect the self-similar patterns, thus suggesting a true fractal-like morphogenesis? Alternatively, deviations from self-similarity towards global integration or disintegration would suggest that underlying morphogenetic processes acted differently in relation to scale within these complex unicellular structures. In addition to the actual integration analyses, the effects of the measurement error (ME) on the observed values were assessed using a novel analysis involving the modelling of the ME effects with different levels of isotropic error.




2. Materials and Methods


2.1. Cultivation and Data Acquisition


A clonal strain of Micrasterias thomasiana was isolated by single-cell pipetting from a spring fen located in Krušné hory (Ore Mts.), Czech Republic (50.509854 N, 13.196065 E). The natural populations of M. truncata and M. papillifera were collected in an anthropogenic pond located approximately at 50.521360 N and 13.208300 E. In addition, M. americana was sampled from the phytobenthos of a mountain pond in the same region at 50.506310 N and 13.246246 E. All these taxa are well known representatives of Desmidiales that frequently occur in European peatlands, and they were repeatedly delimited as phylogenetically homogeneous members of the monophyletic Micrasterias lineage, e.g., [22,23,24].



The cultures of M. thomasiana were cultivated in 250 mL Erlenmeyer flasks with 150 mL of MES-buffered DY-V liquid medium [25] at pH = 5.5 and illuminated at 40 μmol·m−2·s−1 at a light:dark regime of 12:12 h. Cultures were maintained at temperatures of 17, 21, and 25 °C for 21 days. Then, microphotographs were taken at 100× magnification on a Leica DM2500 light microscope (Leica Microsystems, Wetzlar, Germany) with a Bresser MikroCam SP 5.0 digital camera (Bresser, Rhede, Germany). For each temperature and each natural population, 50 different semicells were photographed and used in subsequent analyses.



A total of 71 two-dimensional landmarks were depicted on the semicells of M. thomasiana, spanning the margins and central incisions of all successive lobes and lobules up to the fourth order of branching (Figure 1a). Then, two reduced subsets of landmarks were created, consisting of 39 and 21 landmarks, involving the lateral lobules up to their third and second degrees, respectively (Figure 1b,c). In addition, 21 landmarks were also placed at the corresponding positions on the semicells of M. americana, M. papillifera, and M. truncata (Figure 1d–f). To evaluate the digitisation error, the landmarks were registered twice. In the first digitisation, they were depicted clockwise, starting from the left margin of the semicells. The second digitisation was carried out counterclockwise from the same starting point at the opposite side of the semicells. Then, these landmarks were re-labelled to match the order of the first digitisation. The landmarks were registered using TpsDig, ver. 2.22 [26].




2.2. Geometric Morphometrics


The frontal views of Micrasterias semicells are bilaterally symmetrical. In addition, the cells lack any anterior–posterior differentiation. This means that the bilateral symmetry of the semicells is unsigned, i.e., the left and right halves of individual semicells cannot be designated among different specimens. Therefore, the semicells were symmetrised with respect to the axis of bilateral symmetry [27]. First, the original landmark configurations were reflected across the axis of symmetry by multiplying the x-coordinates of landmarks by −1. Then, the paired landmarks in this reflected copy were re-labelled to match the order of the landmarks in the original configuration. A single landmark, delimiting the middle point of the polar lobes, was positioned on the axis of bilatral symmetry. Finally, the original and reflected/re-labelled configurations of each specimen were averaged in the generalised Procrustes analysis (GPA). Thus, in the resulting configurations, each of the perfectly symmetric halves spanned exactly the same shape variation, produced as an average of the two original sides.



The shape data of landmark configurations aligned by GPA were used to calculate the values of PWs and the uniform component in each of the studied datasets. Then, the natural logarithms of the variance values and the corresponding BE of individual PWs were the basis for calculating the least-squares linear regressions (BE–PWv plots) [17]. As the uniform component of the shape variation has zero bending energy with undefined log values, it cannot be included in the calculation of the slopes indicating the integration patterns. However, the natural logarithms of their variance are shown in the regression plots to illustrate their general relationships with the PWs. The uncertainties in the estimation of slopes in the BE–PWv plots were assessed using 95% confidence intervals of their observed values. The relationship between log BE and log PWv is assumed to be linear, but possible non-linearities in the plots may indicate changes in patterns of integration on a specific spatial scale [28]. In these cases, a partitioning of the regression line was conducted using the broken-stick algorithm [29].



The geometric morphometric analysis, including GPA and the symmetrisation of the configurations, was implemented using utility scripts written in R language for statistical computing [30] involving the functions implemented in the packages geomorph, ver. 4.0.0 [31], and shapes, ver. 1.2.6 [32]. The natural logarithms of PW variances and their BEs were acquired using the function global.integration in geomorph, ver. 4.0.0, and, in parallel, in TpsRelw, ver. 1.65 [26]. The broken-stick regression was carried out using the R package segmented, ver. 1.6.2 [33]. The BE–PWv plots were produced in PAST, ver. 4.10 [34]. ME was quantified using Procrustes ANOVA of the shape data using repeated digitisations of individual specimens [35]. The actual procedure of estimating the effects on ME on the slopes of BE–PWv plots is described in the subsequent chapter using one of the analysed Micrasterias datasets.





3. Results


3.1. Patterns of PWs—An Example of M. thomasiana Reared at 25 °C


To illustrate what the sequence of PWs looks like in datasets of Micrasterias semicells, we selected the population of M. thomasiana reared at 25 °C and registered by 21 landmarks (Figure 2). Due to the symmetrisation of the two halves, the paired landmarks always move synchronously in the deformation grids. The uniform component depicted the shortening and lengthening of entire semicells without any local deformations. Furthermore, the first few PWs essentially described the deepening or shortening of individual incisions or the relative dimensions of the principal cell lobes. This basically applies to the first ten PWs. Then, PW No. 11 addresses the relative height of the polar lobe. From PW No. 12 onwards, we see more or less strongly localised shape changes involving only some specific, narrowly defined parts of the structure, such as the relative position of individual incisions or the relative distance or overlap of terminal lobules. Especially in the case of the last four PWs (Nos. 15–18), the deformations were influenced by the relative displacement of just one or two paired landmarks.




3.2. BE–PWv Plots


The analyses of BE–PWv plots of all 12 populations showed that the values of slopes were distinctly higher than −1 in all the datasets, differing from the assumption of self-similarity (Table 1). The relationships between the log variance of PWs and log BEs were relatively tight, but the plots showed that the last few PWs, which describe the most localised shape changes, were often located in an outlying position with significantly higher BEs (Figure 3). These were mostly the last four PWs in datasets with 21 landmarks, the eight most localised PWs in structures with 39 landmarks, and sixteen such PWs in datasets with 71 landmarks. In most cases, these small-scale PWs did not show any noticeable decrease in log variance with increasing log BEs. The broken-stick regression analysis typically showed that just before these last data points, the slope of the regression changed most significantly. Thus, is it not possible that without them, the remaining PWs would exhibit self-similar relationships? To answer this question, BE–PWv linear regressions were carried out on the reduced datasets without the smallest-scale PWs. While the resulting slopes generally decreased more steeply, they still remained distinctly different from the self-similar level (Figure 3, Table 1).



The BE–PWv slopes of the same population analysed by different numbers of landmarks largely overlapped. However, it was striking that the highest slopes were always identified in datasets with 21 landmarks, and then the observed values decreased slightly with an increasing number of landmarks. In addition, the ambient temperature, and therefore the growth rates of semicells, did not affect the observed slopes and thus the integration levels. Finally, the slopes found in the cultured populations of M. thomasiana were generally comparable with those identified in the three other species of the lineage.




3.3. ME Assessment


Now we have to return to the question of digitisation error. In fact, any ME must necessarily affect the observed values of the slopes. The isotropic ME increases the value of the slopes and brings it closer to the zero value of no relationship. A totally random variation of all landmarks, corresponding to an isotropic Mardia–Dryden distribution, would have a BE–PWv slope = 0. The greater the role of random isotropic error in the data, the more the integration levels will approach this value. Returning now to the model dataset of M. thomasiana reared at 25 °C and registered by 21 landmarks, we can now look at how such a hypothetically varying amount of isotropic ME affects the shape data. Let us examine the original Procrustes-aligned scatter of landmarks and the scatter of configurations with two levels of artificially induced isotropic error (Figure 4a–c). Such gradually increasing ME is introduced into each of the two independent digitisations of the same dataset. Obviously, as the rate of random ME increases, the shape distance between these two digitisations of the same specimens will also increase.



Using ten different levels of ME, the lowest being the original dataset followed by nine successively increasing values of the isotropic ME in all landmarks, this effect can be quantified in a Procrustes ANOVA model, both in absolute terms of Procrustes sums of squares (SS) and in relation to the variability among specimens in the dataset (Table 2). In the original data, the ME is approximately 20 times lower than the shape variability among individuals. In modelled datasets with progressively decreased digitisation precision, the ME gradually increases to a value where it makes up 34.8% of the total variation, and it is only approximately twice as low as the overall variability among individuals (Table 2).



The BE–PWv plots reflect the gradually increasing levels of ME, and the slopes gradually increase towards zero, even though the individual PWs obviously retain essentially identical BE values (Figure 4d). The Procrustes SS for ME in these ten datasets and the corresponding slopes of the BE–PWv plots produce a non-linear relationship (Figure 4e). Clearly, the increase in isotropic ME also increases the shape distances among specimens, and therefore the corresponding SS quantify the variation among specimens (Table 2). Thus, the relative contribution of the ME to the total shape variation (R2) shows a tight linear relationship to the values of the BE–PWv slopes (Figure 4f). The lowest points on the left in Figure 4e,f correspond to the original data and thus the steepest decreasing BE–PWv line in Figure 4d. However, what would be the slope value in a theoretical scenario with zero ME? In such situations, both digitisations of the same dataset would produce identical configurations for each object, and the R2 (and Procrustes SS) for the ME in the Procrustes ANOVA model would be zero. This corresponds to the intercept (b = −0.369) of the linear relationship shown in Figure 4f. The value of this intercept can therefore be used as an estimate of the value of slopes adjusted for the increase caused by the inevitable digitisation error. The adjusted values obtained by a similar procedure for all 12 datasets show that the values of ME-corrected BE–PWv slopes clearly decreased. However, they still consistently remained above the level of self-similarity (Table 1).





4. Discussion


The shape variation in Micrasterias semicells was consistently different from the notion of self-similar spatial patterning, which would imply symmetric amounts of shape variation across the scales, i.e., within cellular lobes and lobules of different orders. This was also the case when the analysis of BE–PWv slopes omitted the smallest-scale PWs. This was true regardless of the temperature at which the semicells were cultured and thus regardless of the rate of population growth, i.e., the cell wall deposition and the chemical processes that lead to its final stiffening. This was also the case regardless of the species examined within the Micrasterias phylogenetic lineage. Finally, this was the case regardless of the number of landmarks in the configurations. Those that consisted of just 21 landmarks covered essentially only the shape variation of the first- and second-order lobes. In contrast, M. thomasiana configurations consisting of 71 landmarks involved shape patterns of lobules up to the fourth-order terminal lobules. In all these cases, however, the BE–PWv slopes consistently showed that shape variability actually increased with decreasing scale. Thus, in Bookstein’s terminology [16], these are disintegrated structures.



It should be noted that the observed values are closer to zero, corresponding to the theoretical total disintegration of individual landmarks, than those previously found for any multicellular organisms or tissues [28,36,37,38]. Thus, it appears that morphogenesis at the single-cell level can indeed lead to structures whose integration is markedly different from that of multicellular organisms. It is an extreme case of what Mitteroecker et al. termed compensatory variation [19]. While the overall shape patterns are relatively homogeneous, the small-scale parts of these structures seem to behave more or less independently of each other. While the relative distances between lobes can approximate scale-invariant arrangements [21], the variability of their shapes increase with decreasing scale. In other words, while shape variation at the level of the main cellular parts is relatively strongly canalised, it clearly increases at the subsequent levels of lobe branching. Thus, it appears that in the higher-order lobes and terminal lobules, these living entities lack a selective pressure to keep their shapes comparatively stable, in contrast to the main lobes and the overall outlines of semicells.



Interestingly, these observations are consistent with earlier studies that showed a different nature of the morphogenetic processes of the main cellular parts and the small-scale features of Micrasterias semicells [39,40]. The initial pattern of the three main lobes in the newly developing semicells is inherited from their older counterparts, producing relatively tightly controlled mirror copies with the corresponding number and arrangement of these large-scale cellular parts. Conversely, laser treatment of the plasma membrane in growing semicells leading to blockage of development at particular microsites showed that this damage was localised to individual lobules [41,42]. This indicated that the growth and branching of each of the terminal lobules proceeds relatively independently of the other cellular parts [12,43].



Likewise, the theoretical models of Micrasterias morphogenesis assumed that the differential growth of the plasma membrane leading to tip growth of terminal lobules and their successive branching is based on a two-morphogen reaction–diffusion system [44,45]. In these models, growing semicells are progressively compartmentalised into relatively independent lobes and lobules, and their final forms are achieved by multiple actively developing centres that lack any meaningful coordination with each other [46]. Thus, these models correspond quite well with the observed patterns of increased small-scale shape variation in the studied Micrasterias datasets.



Is it possible that these patterns are fundamentally related to the fact that Micrasterias is a unicellular structure? Interestingly, a recent study of morphological integration in colonial microalgae belonging to the chlorophycean genus Pseudopediastrum showed that integration was stronger in cells located within the colonies and thus adjacent to the surrounding cells, as is the case in multicellular tissues, than in marginal cells [47]. This might indicate that in such structures, composed of a few living cells, the levels of integration decrease in those cells that are protruding freely into the surrounding space.



A geometric morphometric analysis of morphological integration based on the detection of departures from self-similar variation patterns is still a relatively new and evolving method. Clearly, the assessment of digitisation imprecision on the observed values of BE–PWv slopes is an important aspect of these analyses. In general, the more ME there is, the higher the BE–PWv slope. Thus, this obviously needs to be taken into account when comparing different datasets with different ME levels. It should be noted that ME quantification through repeated digitisations allows us to assess the influence of isotropic and homogeneous ME, i.e., one that is generally the same across different landmarks. In the case of Micrasterias cells, where virtually all landmarks are of the same type, i.e., specifically the points defining lobe tips and incisions, this assumption may be realistic. However, in analyses combining different types of landmarks or semilandmarks, the situation may be more complex and deserves further research.



In summary, the presented analyses illustrated that the spatial patterns of shape variation in unicellular structures can indeed be fundamentally different from those of multicellular organisms, which are composed of multiple cell types constituting different tissues and, thus, generally require a higher level of coordinated variation. Unicellular living structures may not even be organisms in this narrow sense of the word. Nevertheless, their morphogenesis may be considered a controlled acquisition of space. As we have shown, in cells of the microalgal genus Micrasterias, this control progressively declines with decreasing spatial scale to the point that their terminal lobules are shaped almost independently of each other, rejecting the null hypothesis of self-similar shape variation.
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Figure 1. Positions of landmarks (LMs) on the semicells of Micrasterias taxa M. thomasiana was registered by 21 LMs (a), 39 LMs (b), and 71 LMs (c). M. americana (d), M. papillifera (e), and M. truncata (f) were registered by 21 LMs. Note that the size of individual LMs was enlarged to make them more visible in the figures. Scale bars = 20 μm (a–c), 40 μm (d,f), and 30 μm (e). 
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Figure 2. Thin-plate splines showing the consensus configuration, the uniform component and partial warps of the M. thomasiana semicells cultured at 25 °C and registered by 21 landmarks. The bending energies (λ) of individual partial warps are also included. 
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Figure 3. Log–log least-squares relationships of bending energy and partial warp variances (BE–PWv plots) of 12 studied datasets. M. thomasiana, 17 °C, 21 LMs (a), M. thomasiana, 17 °C, 39 LMs (b), M. thomasiana, 17 °C, 71 LMs (c), M. thomasiana, 21 °C, 21 LMs (d), M. thomasiana, 21 °C, 39 LMs (e), M. thomasiana, 21 °C, 71 LMs (f), M. thomasiana, 25 °C, 21 LMs (g), M. thomasiana, 25 °C, 39 LMs (h), M. thomasiana, 25 °C, 71 LMs (i), M. americana, 21 LMs (j), M. papillifera, 21 LMs (k), M. truncata, 21 LMs (l). The relationships based on all PWs (slopes a1) are depicted by red lines, and the relationships omitting the most localised PWs (slopes a2) are depicted by green lines. Log variances of the uniform component in individual datasets are depicted by asterisks. 
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Figure 4. Original Procrustes-aligned scatter of landmarks (a) and two configurations with two levels of artificially induced isotropic error (b,c) in M. thomasiana semicells cultured at 25 °C and registered by 21 landmarks. BE–PWv plots of this original dataset and nine levels of artificially introduced isotropic digitisation error (d) and corresponding relationships between the Procrustes sums of squares (SS) for digitisation error (ME) and the slopes of these BE–PWv plots (e) and R2 for ME and slopes of the BE–PWv plots (f). 
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Table 1. Log–log least-squares relationships of bending energy and partial warp variances (BE–PWv plots) of 12 studied datasets. The slopes, a1, refer to BE–PWv plots based on all PWs, the slopes, a2, are based on the relationships, omitting the most localised PWs. CI, confidence interval; MiAm, M. americana; MiPa, M. papillifera; MiTh, M. thomasiana; MiTr, M. truncata; ME, measurement error; SE, standard error of regression slope.
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	Dataset
	Slope a1
	SE
	95% CI for a1
	Slope a1

(ME Adjusted)
	Slope a2
	SE
	95% CI for a2
	Slope a2

(ME Adjusted)





	MiTh, 17 °C

71 LMs
	−0.399
	0.038
	[−0.497, −0.320]
	−0.457
	−0.585
	0.036
	[−0.648, −0.515]
	−0.671



	MiTh, 17 °C

39 LMs
	−0.334
	0.046
	[−0.454, −0.221]
	−0.422
	−0.497
	0.057
	[−0.590, −0.392]
	−0.614



	MiTh, 17 °C

21 LMs
	−0.282
	0.059
	[−0.419, −0.115]
	−0.358
	−0.415
	0.056
	[−0.547, −0.326]
	−0.490



	MiTh, 21 °C

71 LMs
	−0.456
	0.036
	[−0.544, −0.378]
	−0.485
	−0.657
	0.036
	[−0.722, −0.593]
	−0.681



	MiTh, 21 °C

39 LMs
	−0.387
	0.046
	[−0.494, −0.284]
	−0.434
	−0.599
	0.068
	[−0.716, −0.489]
	−0.673



	MiTh, 21 °C

21 LMs
	−0.307
	0.050
	[−0.397, −0.202]
	−0.371
	−0.418
	0.104
	[−0.604, −0.256]
	−0.486



	MiTh, 25 °C

71 LMs
	−0.413
	0.039
	[−0.502, −0.338]
	−0.437
	−0.615
	0.042
	[−0.688, −0.539]
	−0.636



	MiTh, 25 °C

39 LMs
	−0.386
	0.047
	[−0.472, −0.298]
	−0.416
	−0.611
	0.089
	[−0.726, −0.401]
	−0.672



	MiTh, 25 °C

21 LMs
	−0.326
	0.055
	[−0.428, −0.219]
	−0.369
	−0.390
	0.140
	[−0.576, −0.061]
	−0.462



	MiAm

21 LMs
	−0.345
	0.085
	[−0.496, −0.137]
	−0.360
	−0.417
	0.094
	[−0.589, −0.163]
	−0.435



	MiPa

21 LMs
	−0.362
	0.095
	[−0.567, −0.117]
	−0.373
	−0.742
	0.092
	[−0.867, −0.518]
	−0.760



	MiTr

21 LMs
	−0.314
	0.096
	[−0.527, −0.092]
	−0.322
	−0.390
	0.084
	[−0.532, −0.251]
	−0.406










 





Table 2. Results of Procrustes ANOVAs quantifying variation among individuals in the dataset of M. thomasiana cultured at 25 °C and registered by 21 landmarks and in nine subsequent configurations with gradually increasing artificially induced isotropic error in landmark coordinates. ME, measurement error; R2, coefficient of determination; SS, Procrustes sums of squares.
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	Dataset
	SS

(Individual)
	R2

(Individual)
	SS

(Measurement Error)
	R2

(Measurement Error)
	SS

(Total)





	original data
	0.0653
	0.9448
	0.0038
	0.0552
	0.0691



	random ME_+1
	0.0674
	0.9280
	0.0052
	0.0720
	0.0727



	random ME_+2
	0.0694
	0.8977
	0.0079
	0.1023
	0.0773



	random ME_+3
	0.0719
	0.8636
	0.0114
	0.1364
	0.0833



	random ME_+4
	0.0735
	0.8041
	0.0179
	0.1959
	0.0914



	random ME_+5
	0.0832
	0.7709
	0.0247
	0.2291
	0.1079



	random ME_+6
	0.0936
	0.7539
	0.0306
	0.2462
	0.1242



	random ME_+7
	0.0937
	0.7025
	0.0397
	0.2975
	0.1334



	random ME_+8
	0.1132
	0.6933
	0.0501
	0.3067
	0.1633



	random ME_+9
	0.1204
	0.6522
	0.0642
	0.3478
	0.1845
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